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EXECUTIVE SUMMARY

The U.S. Army Corps of Engineers, Los Angeles District (USACE), is currently conducting the
Flood Risk Management Feasibility Phase for the Little Colorado River (LCR) at Winslow
Study, a cost shared effort between the USACE and the Navajo County Flood Control District.

The purpose of the LCR at Winslow Feasibility Study is to develop and evaluate potential
nonstructural and structural engineered solutions to address flooding issues within and near the
City of Winslow in Arizona.

In order to determine the water surface elevation on the river side of the existing levee, baseline
condition flow breakout analysis for the LCR was conducted using Hydrologic Engineering
Center River Analysis System (HEC-RAS). For this model, it was assumed the existing levee
does not fail. Water surface profiles were computed for the 50%, 20%, 10%, 4%, 2%, 1%, 0.5%,
and 0.2% Annual Chance Exceedance (ACE) floods. Floodplains for the eight frequencies are
displayed on Plates 8 to 15, respectively. The 50%, 20%, 10%, and 4% ACE floodplains do not
show flooding in the City of Winslow as the existing Winslow Levee prevents the water from
getting to the city. The 1%, 0.5%, and 0.2% ACE floodplains show significant flooding in the
left overbank including the City of Winslow. Flooding at the Homolovi | Pueblo begins at
approximately the 10% ACE flood.

The Conditional Non-Exceedance Probabilities (CNP) for the baseline condition for the 1% ACE
flood is 0.072 for Index Reach 1, meaning that the existing Winslow Levee has a 7.2% assurance
or chance of excluding the 1% ACE flood. The CNP for the baseline condition is 0.506 for Index
Reach 2.

In order to determine the water surface elevation on the land side of the existing levee, baseline
condition FLO-2D hydraulic modeling was completed for the 4%, 2%, 1%, 0.5%, and 0.2% ACE
floods. See Plates 16 to 25. For this model, it was assumed the existing levee does fail. The 4%
ACE and 2% ACE floods for the FLO-2D baseline condition do not show flooding along the
Winslow Levee reach. The 1%, 0.5%, and 0.2% ACE floods show flooding in the City of
Winslow caused by failure of the Winslow Levee. The Homolovi | Pueblo is impacted by river
flows beginning with approximately the 4% ACE flood event. Sections 6 and 11 discuss the
baseline condition hydraulic analyses conducted to determine the flooding along the LCR study
reach and at the Homolovi | Pueblo. The floodplains are consistent with the floodplains produced
using HEC-RAS. A sediment transport analysis was completed for the baseline condition. See
Section 7 of this appendix.

The with-project alternatives (1.1, 3.1, 7, 8, 9, 10, 10.1, 10.2, 10.3, and 10.4) were modeled using
HEC-RAS and certain with-project alternatives (3.1 and 10) were modeled using FLO-2D. The
1% ACE flood was modeled for the with-project alternatives to compare with the baseline
without-project condition. The alternatives include measures that reduce the flood risk along the
LCR. The CNP values for the with-project alternatives are provided in Table 17.

The CNP for Alternative 10.1 for the 1% ACE flood is 0.880 for Index Reach 1, meaning that
the existing Winslow Levee has an 88% assurance or chance of excluding the 1% ACE flood.
Additional analysis was conducted indicating that 0.3 feet of additional height will increase the
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assurance to a 90% level for the 1% ACE event, resulting in a levee height that is 3.3 feet above
the water surface profile.

With-project alternative floodplains were compared with the baseline condition floodplains to

determine changes in water surface elevations, velocities, and flooded areas. Section 11 provides
more detail.
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1.0 GENERAL DESCRIPTION OF STUDY

1.1 Purpose and Scope

The U.S. Army Corps of Engineers, Los Angeles District is currently conducting the Flood Risk
Management Feasibility Phase of the Little Colorado River (LCR) at Winslow Study, a cost
shared effort between the U.S. Army Corps of Engineers and the Navajo County Flood Control
District.

The purpose of the LCR at Winslow Feasibility Study is to develop and evaluate potential
solutions to address flooding issues within and near the City of Winslow.

1.2 Deliverables

This report presents the hydraulic and sedimentation analyses for the present without-project
(baseline) condition for the LCR at Winslow area. Specific work included:

e Developing a base model and comparing results against prior existing model information.

e Conducting field and data reconnaissance.

e Plotting 50%, 20%, 10%, 4%, 2%, 1%, 0.5% and 0.2% Annual Chance Exceedance
(ACE) floodplain delineations. These floods correspond to the 2-, 5-, 10-, 20-, 50-, 100-,
200-, and 500-year flood frequencies.

e Developing hydraulic input information in support of the economic Hydrologic
Engineering Center Flood Damage Reduction Analysis (HEC-FDA) program and risk
and uncertainty analysis.

e Generating non-damaging (channel capacity) and/or channel-forming discharge.

e Conducting a quantitative sediment transport analysis based on the baseline condition
study discharges.

e Evaluating the lateral channel stability conditions through a qualitative geomorphic
analysis.

e Completing hydraulic risk and uncertainty analysis for the baseline condition.

e Revising pertinent hydraulic analyses as necessary based on the review comments.

e Preparing hydraulic documentation in support of all hydraulic efforts.

1.3 Study Area

The LCR originates in the White Mountains, south of Springerville, Arizona. It flows in a
north/northwesterly direction in a well-defined canyon until reaching the City of Holbrook,
Arizona. From there, it continues west and flows another 30 miles on a broad, open floodplain
before it reaches the City of Winslow, Arizona. The river then continues northwest toward Grand
Falls, Arizona, where it creates a waterfall around 190 feet in height. The total drainage area of
the LCR varies from 11,462 square miles at Holbrook, to 16,192 square miles at Winslow, to
21,068 square miles at Grand Falls, Arizona. Plate 1 shows the location of the LCR Watershed
(all plates are located after the text of this hydraulic and sedimentation appendix). The study area
is located in the middle of the LCR Watershed, in and near the City of Winslow in west-central
Navajo County, Arizona. The study area encompasses the floodplain of the LCR from the
vicinity of the Clear Creek confluence downstream (northwest) to the north end of the Winslow
Levee. The study area covers the majority of the City of Winslow, including the Ruby Wash
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Diversion Levee (RWDL) and the Ruby Wash Levee. The tributaries of Ruby Wash, Clear
Creek, Cottonwood Wash, and Jacks Canyon Creek join the LCR Main stem within the study
area. See Plate 2 for the Study Area Map.

The City of Winslow is located on the Colorado Plateau in Navajo County, Arizona, at an
elevation of 4,880 feet above sea level. Winslow is the largest city in Navajo County, being
approximately twice the size of the county seat of Holbrook. Winslow is located on Interstate 40
(1-40) along the western border of Navajo County. Phoenix is located 133 miles to the southwest,
Flagstaff is located 55 miles to the west, and Albuquerque is 265 miles to the east.

1.4 Study Background

The Little Colorado River (LCR) at Winslow Feasibility Study is being conducted under
authority provided by Section 5 of the Flood Control Act of 1937. This authority amends Section
6 of the Flood Control Act of 1936 to permit the Secretary of the Army, through the Chief of
Engineers, to conduct preliminary examinations and surveys for flood control at the Little
Colorado River upstream from the boundary of the Navajo Indian Reservation. Further authority
is provided under House Committee on Public Works Resolution (Docket 2425) May 17, 1994
which states:

*“... The Secretary of Army is hereby requested to review reports of the Chief of
Engineers on the State of Arizona... in the interest of flood damage reduction,
environmental protection and restoration, and related purposes.”

The LCR at Winslow Feasibility Study is one of eight follow-up studies identified in the revised
905(b) Reconnaissance Report for the LCR Watershed Study. The 905 (b) Reconnaissance
Report (Reference A), evaluating conditions within the LCR Watershed, was approved by the
United States Army Corps of Engineers South Pacific Division on 24 November 1999. The study
funds were used to make a recommendation with respect to continued Federal interest in water
resource issues including flood control, ecosystem and environmental restoration, storm water
retention, water conservation and supply, and recreational needs within the LCR Watershed. A
revised 905(b) report for the LCR Watershed was approved 11 August 2008 (Reference B),
which found Federal interest and recommended that the study move into the feasibility phase.
The City of Winslow has a long history of dealing with flooding along the LCR and its
tributaries. There is an immediate need for flood risk management.

1.5 Previous Reports

Many federal and non-federal studies have been conducted pertaining to water and related land
resources within the study area. References can be found in Section 14.0

e U.S, Army Corps of Engineers, Report on Survey, Flood Control, Little Colorado River
and its Tributaries Upstream from the Boundary of the Navajo Reservation in Arizona,
Los Angeles District, 1940.

e U.S. Army Corps of Engineers, Review Report for Flood Control, Winslow, Arizona and
Vicinity, Little Colorado River, Arizona and New Mexico, Los Angeles District,
December 1961.
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e U.S. Army Corps of Engineers, Design Memorandum No. 1, General Design for Winslow
Flood Control District, Winslow, Arizona, and Vicinity, March 19609.

e U.S. Army Corps of Engineers, Flood Plain Information, Little Colorado River, Vicinity
of Winslow, Navajo County, Arizona, Los Angeles District, March 1976.

e U.S. Army Corps of Engineers, Little Colorado River at Holbrook, Arizona, Review
Report for Flood Control and Recreational Development, Los Angeles District,
September 1980.

e George C. Sabol Consulting Engineering, Inc., Scottsdale, Arizona, for Navajo County,
Department of Public Works, Little Colorado River Geomorphology and River Stability
Study, Reconnaissance Level Engineering Report, September 1993.

e U.S. Army Corps of Engineers, Little Colorado River Watershed, Arizona and New
Mexico 905(b) Reconnaissance Report, Los Angeles District, 1999.

e L.D.&P.J. Garrett, M3 Research, A Report on Regional Focus Groups to Define
Watershed Problems, Opportunities and Concerns in the Little Colorado River
Watershed, 1999.

e U.S. Bureau of Reclamation, Analysis of Little Colorado River Stability Between
Holbrook and Winslow, Arizona, Little Colorado River Sediment Study, May 2003.

e Navajo County Flood Control District, Technical Data Notebook with Exhibits, Little
Colorado River near Winslow, Floodplain Delineation Study, November 2005.

e U.S. Army Corps of Engineers, Supplemental Information to the 1999 Section 905(b)
Reconnaissance Report, Little Colorado River Watershed, Arizona & New Mexico, Los
Angeles District, July 2008.

¢ Navajo County Flood Control District, Technical Data Notebook with Exhibits, Little
Colorado River near Winslow, Floodplain Delineation Study, July 20009.

e U.S. Army Corps of Engineers, Little Colorado River at Winslow Feasibility Study
Baseline and Future Without-Project Conditions Hydrology Appendix, Los Angeles
District, December 2009.

e U.S. Army Corps of Engineers, Summary of Winslow Levee and Ruby Wash Diversion
Levee, Winslow, Arizona (Navajo County): history, composition, foundation, Los Angeles
District, Geotechnical Branch, March 2010.

e U.S Army Corps of Engineers, Geotechnical Evaluation of Levee Fragility: Winslow
Levee and Ruby Wash Diversion Levee, LCR at Winslow Feasibility, Los Angeles and
San Francisco Districts, Geotechnical Branch, January 2011.

e U.S. Army Corps of Engineers, Post Charette Report, Little Colorado at Winslow,
Arizona, Los Angeles District, October 2012,

1.6 Homolovi State Park

Significant cultural and historic resource sites are located within the study area, including the
Homolovi State Park which features ancestral Hopi Villages. There are multiple pueblos within
the state park including the Homolovi | Pueblo which is adjacent to the LCR on the east bank
approximately 2 miles downstream (north) of the 1-40 Bridges. The Homolovi State Park (See
Plate 2 for location) is an important site for the City of Winslow since it is the main local tourism
destination.
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1.7 Need for USACE Assistance

The Navajo County Flood Control District is attempting to reduce the flood risk along the
Winslow Levee and eastern end of the Ruby Wash Diversion Levee due to previous levee
failures and de-accreditation. However, the County does not believe that their technical expertise
and finances are adequate to complete the project. Navajo County is seeking help from the
USACE for financial and technical expertise needed to correct the Winslow Levee system
deficiencies.
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20 DATACOLLECTION

2.1 Topographic Survey

Survey mapping was conducted in 2009 for the Winslow Levee Study area (Reference C) for the
Navajo County Flood Control District. Project mapping consists of a 1-foot contour map for the
Winslow Levee, a 2-foot contour for the downstream portion of the study area, and the 4-foot
contour map for the upstream portion of the study area. Topographic mapping was used to plot
overflow delineations. Survey mapping was produced by the Aerial Mapping Company using the
North American Vertical Datum (NAVD) 1988 as the vertical datum. The horizontal datum was
North American Datum (NAD) 1983 State Plane Arizona East Coordinates. Survey mapping was
completed through a Navajo County contract and provided to the USACE for this project.

2.2 As-Built Construction Plans

As-Built construction plans for the 1-40 Bridges, the Burlington Northern Santa Fe (BNSF)
Railroad Bridge, and the State Route 87 (SR 87) Bridge were reviewed and collected from
Navajo County Flood Control District 2009 report (Reference D). The SR 87 Bridge was rebuilt
in 2005 and As-Built construction plans were not available. During the site visit from 9-11
August 2011, the bridge dimensions were field measured for use in the hydraulic models.

2.3 Field Investigation

The USACE performed a field visit from 9-11 August 2011 with the intent to observe the
Winslow Levee, the LCR Channel, the RWDL, and Ruby Wash, in addition to obtaining
additional bridge/underpass data. The study team visited the following locations: Homolovi State
Park, BNSF Railroad Bridge, SR 87 Bridge, 1-40 Bridges, Winslow Levee, and Ruby Wash
Levee. The study team visited Homolovi State Park to observe how the river impacts the
Homolovi | Pueblo, which is a major local tourist destination near Winslow. During the visit of
the Winslow Levee, the team specifically visited the area where the LCR impinges on the levee.
The following were measured during the field investigations: LCR bridge crossings, underpasses
along 1-40, culverts beneath SR 87 and the BNSF Railroad.

The levee has experienced overtopping (1993) and piping (2003) along approximately a 10,000
foot stretch between the two impingement points. This stretch of the Winslow Levee has been
reinforced with riprap on both embankments. The two impingement locations have been
reinforced as well, but they still need to be monitored due to the river’s proximity along the
levee. The saltcedar and vegetation in the floodplain is denser than previously assumed near the
bridges and along both banks near the two impingement locations. See Attachment 1 of this
report for a copy of the site visit report which includes photos.

2.4 LCR Winslow Charette

The Project Delivery Team (PDT) met from 29-31 May 2012 for a three day plan formulation
charette workshop that was held in Winslow, Arizona. The primary purpose of the charette was
to use this collaborative process to expedite plan formulation for the preliminary array of
alternatives. The intent of the charette was to formulate alternatives and identify study objectives
as well as address problems, opportunities, and constraints. Participants in the charette workshop
included representatives from the USACE, Navajo County Flood Control District, City of

U.S. Army Corps of Engineers April 2016



Winslow, Arizona Game and Fish Department, Arizona Department of Environmental Quality,
Arizona Department of Water Resources, Hopi Tribe, Navajo Nation, Pueblo of Zuni, Arizona
State Parks, United States Geological Survey (USGS), Arizona State Museum, and BNSF
Railroad.

2.5 Sediment Samples

The United States Bureau of Reclamation (USBR) conducted a sediment study for the LCR
between Holbrook and Winslow in 2003 (Reference E). Bed material from the Little Colorado
River and its tributaries was collected by the USBR and Navajo County personnel and analyzed
at a Navajo County soils laboratory for grain size distribution. Appendix C of the USBR report
contains the inventory of the bed material samples taken as well as the sieve analysis results. In
total, 57 surface bed material samples were collected over more than 50 miles of the LCR.
Sediment data collected by the USBR near the Winslow area was used for the current study. The
data was analyzed and confirmed by the USACE Geotechnical Study Engineer.
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3.0 EXISTING CONDITION OF LEVEES

3.1 Winslow Levee

The Winslow Levee was built, rebuilt, and is maintained and owned by Navajo County, Arizona.
Plate 3 shows the existing Winslow Levee alignment. In 1979, Navajo County requested
assistance from the Arizona Department of Water Resources (ADWR) to build the Winslow
Levee. After completing the necessary engineering and securing needed funding and right-of-
way, the 7.2-mile Winslow Levee was constructed along the west side of the LCR between 1986
and 1989. The levee design included bank protection and cutoff walls and it was designed to
contain the estimated 1% ACE flood of 65,000 cubic feet per second (cfs) back in the 1980s.
Hydrologic analysis completed by the USACE in 2010 shows that the 1% ACE discharge near
Winslow is about 69,200 cfs. The Summary of Winslow Levee and Ruby Wash Diversion Levee,
Winslow, Arizona (Navajo County): history, composition, foundation (Reference F) provides
extensive discussion regarding the Winslow Levee history and repairs.

3.1.1 Flood History

Based on the Floodplain Information Study (FIS) published by the USACE in March 1976
(Reference G), significant floods on the LCR at Winslow occurred in 1923, 1957, 1968, and
1969. Flood records also show a peak discharge of 57,000 cfs occurred during the flood of
December 1978, which overtopped and circumvented an existing 4-mile long levee system
installed by the Navajo County Flood Control District (Reference H).

Only four years after construction, on January 8, 1993, the levee was overtopped by a flood
having an estimated peak discharge between 70,000 cfs and 77,000 cfs (Reference D). See
Figure 1 for the LCR Discharge Frequency Curve provided by the USACE 2009 Hydrology
Appendix (Reference 1). As a result of the levee overtopping, a 400 foot section of levee was
washed out, while a 3,000 foot section of levee was damaged. Properties were flooded in Ames
Acres, Bushman Acres, and other areas behind the levee. In total, 204 parcels were inundated
and 140 structures were damaged. A lawsuit resulted, which required $1,400,000 in Navajo
County funds to settle. Temporary repairs to the levee were completed immediately following
the flooding. Permanent repairs were completed in 1994 using Federal Emergency Management
Agency (FEMA), State, and County funds. The repairs included adding riprap to both sides of
the levee along a 3,000 foot reach near the failure. See Plate 4 for flooding location.

On December 31, 2003, the levee experienced a piping failure at well below a 1% ACE flood
(around 4% ACE to 2% ACE flood). The water depth was approximately 16 feet compared to
the anticipated 1% ACE flood water depth of 25 feet at the piping location. An alert citizen
reported the impending levee failure and Navajo County responded immediately, and levee
failure was avoided by depositing material on the river side of the levee. Permanent repairs were
completed in 2005 as riprap was extended along both sides of the levee. The riverside of the
levee has protection from design station 140+00 to 400+00, and the landside of the levee has
protection from design station 176+00 to 231+60. The piping was induced by the sandy subsoil
beneath the levee, while the bentonite core was found intact. See Plate 4 for flooding location
from the 1993 flood.
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3.1.2 Floodplain Studies

Four tributaries join the LCR upstream from the City of Winslow, including Ruby Wash, Clear
Creek, Chevelon Creek, Jacks Canyon, and Cottonwood Creek. The tributaries had a substantial
contributory effect to the December 1978 flood according to ADWR. Hydraulic models
completed for the Navajo County Flood Control District in 2009 (Reference D) indicate that the
levee, in its current condition, will overtop in approximately the same location that it did in
January of 1993 at a discharge of 55,000 cfs. This is approximately the 2% ACE flood. The
floodplain study concluded that the Winslow Levee does not have the capacity to contain the 1%
ACE flood and does not meet FEMA standards for 1% ACE flood protection.

A study completed by the USBR, Analysis of Little Colorado River Stability between Holbrook
and Winslow, Arizona (Reference E), determined that there has been no significant sediment
aggradation since the 1980s. However, there are other factors that account for the difference
between the current results and the results of the previous floodplain delineation study. Just
downstream of where the levee breached in 1993, there is a topographic feature that restricts the
flow and creates a meander loop that forces the river against the levee. This restriction, which
was identified by ADWR as the cause of the levee failure in 1993, does increase the floodwater
elevations in this reach. Typically, meander loops get cut off by big floods. However, the
topographic feature creating this loop appears to be fairly resilient and has been stabilized
somewhat by the dense vegetation covering it. This feature survived the 1993 flood, and remains
in existence today. The previous floodplain study completed in 1976 (Reference G) modeled the
meander loop as a transient feature (something that would get washed out in a big flood). This
resulted in a river model with more conveyance capacity than is really available. The Navajo
County floodplain study in 2009 (Reference D) used higher Manning’s roughness coefficients
than were used by the previous study (Reference G). These coefficients can have a significant
impact on calculated water surface elevation (WSES).

3.1.3 Conditional Non-Exceedance Probability and Levee Freeboard

Engineering Circular 1110-2-6067 (Reference J) was used to determine the required levee height
above the water surface (freeboard). The chance of non-exceedance of the levee elevation, the
uncertainty in the discharge-probability function and the stage-discharge function are combined
to get the uncertainty in the stage-probability function. Hydrologic Engineering Center’s Flood
Damage Analysis program was used to compute the combined uncertainty as well as the
assurance or conditional non-exceedance probability (CNP) of the levee excluding the 1%
chance exceedance flood from the leveed area. To meet the National Flood Insurance Program
(NFIP) levee system evaluation requirements, a levee must have at least 90% assurance of
excluding the 1% ACE flood for all reaches of the system. For levees, if the top of levee
elevation is less than the FEMA required freeboard above the 1% ACE flood stage, then the
levee can only be in accordance with NFIP levee system evaluation requirements if the assurance
(CNP) is 95% or greater. The top of levee elevation shall not be less than two feet above the 1%
ACE flood elevation, even if assurance is 95% or greater.

FEMA'’s standards for accrediting levees for 1% ACE flood protection require that they have a
minimum of 3 feet of freeboard. In addition to this, when the Winslow Levee was designed, it
was determined that another 2 to 3 feet of freeboard would be needed to provide storage for
sediment that would build up within the channel over the life of the levee. Therefore, for most of
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the levee, the design freeboard was 5 to 6 feet. However, the Navajo County Flood Control
District determined that the levee needs to be raised substantially along much of its length after
surveyed top-of-levee elevations were compared with the calculated 1% ACE floodwater
elevations according to the 2009 report (Reference D).

3.1.4 Levee Improvements

The levee improvements that are needed to provide 1% ACE flood protection cannot be
accomplished by simply adding material to the top of the levee. The improvements involve
reconstructing the levee. Additional details are provided in the Design Appendix and additional
design studies and construction plans will be needed before this work can begin.

Impact to Digital Flood Insurance Rate Maps: The Map Modernization deployed by FEMA
deaccredited the Winslow Levee in September 2008 and put 2,700 new parcels in the floodplain.

3.2 Ruby Wash Diversion Levee (RWDL)

In addition to the Winslow Levee, several other structures contribute to the current level of flood
protection for the City of Winslow, including the RWDL and the Ruby Wash Levee. The
USACE designed and constructed the RWDL. This levee is a rock and earth structure extending
5.3 miles from the high ground near the southwest corner of the Winslow airport to the Little
Colorado River south of the BNSF Railroad Bridge east of Winslow. The construction of this
levee was completed in 1970. Flows in Ruby Wash and in other streams crossing the alignment
of the levee are diverted east to the Little Colorado River, eliminating flood hazards along Ruby
Wash. The Ruby Wash Diversion Levee protects the Winslow Airport and approximately 500
residents. See Plate 3 for the location of the RWDL and the RWDL training dike that was
constructed at the downstream end of the Ruby Wash Diversion along the right bank near the
confluence with the Little Colorado River.

The Ruby Wash drainage area is approximately 26 square miles and consists of low desert
valleys traversed by shallow ravines with elevations ranging from about 4,880 feet to 5,250 feet
above mean sea level. The design discharge for the Standard Project Flood is 8,500 to 23,000 cfs.

The Ruby Wash Diversion Levee (RWDL) is at risk of failure due to the changed conditions on
the LCR main stem described for the Winslow Levee above. While the RWDL continues to
serve its intended purpose of diverting damaging Ruby Wash flows away from Winslow, this
levee was not designed or intended to address flooding along the LCR main stem. The
easternmost portion of the RWDL is subject to overtopping from LCR main stem flows. The
RWDL could also fail before overtopping during a flood as frequent as the 4 percent ACE (25-
year) event. The eastern end of the RWDL (where it abuts the Winslow Levee) has been
identified as the levee segment most susceptible to failure. A levee failure at this location could
cause damage to the City of Winslow and other areas behind the levee. The improvements
needed at RWDL are likely to involve reconstruction of the levee.

3.3 Ruby Wash Levee

The Ruby Wash Levee was constructed by the Arizona Department of Transportation (ADOT) in
1980 as part of the Interstate 40 at Winslow Project (Project 1-40-4(81)). The Ruby Wash
Channel extends from Third Street to 1-40. Due to the flat terrain along the channel alignment,
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the channel was constructed using a small amount of excavation below the existing ground
surface. The majority of the channel construction was accomplished by creating embankments of
compacted earth above the natural ground elevation to form the channel banks, which are
referred to as levees. See Plate 3 for the location of the Ruby Wash Levee.

In the late 1990’s, Navajo County made substantial engineered improvements to the Ruby Wash
Levee resulting in the levee providing flood protection for a portion of downtown Winslow. The
levee met 44CFR 65.10 requirements prior to the FEMA Map Modernization program. The
Ruby Wash Levee is not in the USACE Rehabilitation Program.
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40 HYDROLOGY

4.1 Description of Drainage Area

The hydrologic analysis encompasses the watershed of the LCR and major tributaries, including
Chevelon Canyon, Ruby Wash, Clear Creek, Cottonwood Wash, Salt Creek, and Jacks Canyon.
The LCR originates in the White Mountains, south of Springerville, Arizona. It flows in a
north/northwesterly direction in a well-defined canyon until reaching the City of Holbrook,
Arizona. From there, it continues westerly and flows another 30 miles on a broad, open
floodplain before it reaches the City of Winslow, Arizona. The river continues northwesterly
towards Grand Falls, Arizona, where it creates a waterfall around 190 feet in height at the
confluence with the Colorado River. The total drainage area of the LCR varies from 11,462
square miles at Holbrook, to 16,192 square miles at Winslow, to 21,068 square miles at Grand
Falls, Arizona.

The overall basin characteristics are summarized below:

e The basin is a portion of Colorado Plateau characterized by various rock formations and
broad valleys with extensive flat, mesa-like highlands.

e Vegetation cover ranges from barren desert to mountain forest, including juniper,
sagebrush, and grass. LCR and its tributaries support annual grass and shrubs.

e Elevation above mean sea level ranges from 11,500 feet at the origin of the LCR to 4,800
feet at Winslow.

e The LCR basin is generally cool in the winter and warm in the summer. Temperatures
range from 110° F in the lower part of the basin, in summer, to around -35° F in the upper
part of the basin, in winter.

e The primary rainy season is the summer “monsoon,” which occurs from July to
September.

e A strong rainfall period is observed during the winter months. Typically, late spring and
June are dry throughout the basin.

e Mean-annual precipitation ranges from around 7 inches near Winslow to around 40
inches in the upper portion of the basin.

e Average stream flows in the LCR and its tributaries are minimal, and sometimes the
stream flows reduce to zero.

e Detailed hydrologic analysis for the study area including flood frequency analysis,
volume flow frequency analysis, and balanced hydrographs are presented in the
Hydrology Appendix (Reference I).

4.2 Hydrologic Data Input for HEC-RAS Model

Hydrologic data from the Little Colorado River at Winslow Feasibility Study Baseline and
Future Without-Project Conditions Hydrology Appendix (Reference I) was used in the hydraulic
analysis including discharge frequency values at the designated concentration points and the
balanced hydrographs. Table 1 shows the discharge frequency values at the designated
concentration points for the steady state HEC-RAS simulations. The table shows the river, reach,
concentration points, and discharge frequency values.
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4.3 Balanced Hydrograph for the FLO-2D Model and Sediment Transport Model

For the floodplain analysis, specifically FLO-2D model simulations, inflow hydrographs at the
upstream boundary of the channel are required. In order to preserve the peak flow and volumes
of the flooding events, the balanced hydrographs were calculated for the simulation. Table 2
presents the peak and volume discharge frequency values for the LCR at Winslow. The
calculated 50%, 20%, 10%, and 4% ACE balanced hydrographs are plotted graphically and
shown in Figure 2, while the calculated 2%, 1%, 0.5%, and 0.2% ACE balanced hydrographs are

shown in Figure 3.
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5.0 HYDRAULIC ANALYSIS USING HEC-RAS — BASELINE CONDITIONS

This section describes the channel hydraulic analysis for the present without-project baseline
condition. A one dimensional steady flow model was developed using HEC-RAS version 4.2
beta. Hydrologic Engineering Center Geospatial River Analysis System (HEC-GeoRAS) was
applied to assist the HEC-RAS model development.

Water surface profiles were developed for the 50%, 20%, 10%, 4%, 2%, 1%, 0.5% and 0.2%
ACE floods. These correspond to 2-, 5-, 10-, 25-, 50-, 100-, 200-, and 500-year flood frequency
events, respectively. The 1% ACE flood has a 1 in 100 chance of being equaled or exceeded in
any 1 year, and it has an average recurrence interval of 100 years, it often is referred to as the
“100-year flood”. Scientists and engineers frequently use statistical probability (chance) to put a
context to floods and their occurrence. If the probability of a particular flood magnitude being
equaled or exceeded is known, then risk can be assessed. To determine these probabilities, all the
annual peak stream flow values measured at a stream gage are examined. A stream gage is a
location on a river where the height of the water and the quantity of flow (stream flow) are
recorded.

5.1 Hydraulic Model Overview

Analysis for the baseline condition was initially broken into two models (Model 1 and Model 2).
Model 1 includes the 50%, 20%, 10%, 4%, and 2% ACE floods. The Winslow Levee was
included in the HEC-RAS model. Model 2 includes the 1%, 0.5%, and 0.2% ACE floods with
the Winslow Levee removed from the model. The analysis was separated into two models for
floodplain development. Model 2 was developed with the Winslow Levee removed from the
model based on the levee history detailed previously in Section 3.1 as well as the 2009 Navajo
County analysis performed by Delph Engineering, which concluded that the Winslow Levee
does not have the capacity to contain the 1% ACE flood and does not meet FEMA standards for
1% ACE flood protection. A third hydraulic model (Model 3) was created that included the
Winslow Levee for the 1%, 0.5%, and 0.2% ACE floods to capture the water surface elevations
before levee overtopping. Further description of the three models is provided in the paragraphs
below.

Only four years after construction of the Winslow Levee, on January 8, 1993, the levee was
overtopped by a flood having an estimated peak discharge between 70,000 cfs and 77,000 cfs
(Reference D). As a result, a 400 foot section of levee was washed out, while a 3,000 foot section
of levee was damaged. According to the Arizona State Museum’s Flooding and Threats to
Archaeological Sites report (Reference K), the 1993 flood inundated the South plaza of the
Homolovi | Pueblo, which is an archeological site on the riverside of the Winslow Levee that is
in the 1% ACE floodplain. The floodplain from Figure 8 in the Museum’s report matches the
floodplain from Model 3.

For the baseline condition 1% ACE flood hydraulic model (Model 2), the Winslow Levee was
removed from the geometry file in HEC-RAS due to the model showing levee overtopping
upstream from the BNSF Railroad Bridge. By assuming levee failure and removing the Winslow
Levee in HEC-RAS, flows were allowed to convey across the entire floodplain which resulted in
flood flows inundating the City of Winslow. Model 2 shows the state of the flooding after the
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levee has already failed, and it provides an estimation of flood extents for the 1% ACE
floodplain on the land (west) side of the current levee. However, water surface elevations on the
river side of the levee are not accurately represented in this steady state model. During the 1%
ACE flood through the LCR Winslow reach, the water surface elevations increase with time
during the flood according to the flow hydrograph. In the meantime, the water level near the
Homolovi | Pueblo is increasing too until the levee starts to fail and flows break out into the City
of Winslow area. This is a dynamic process or an unsteady state condition. Once the levee fails
in this scenario, the water level behind the levee starts to decrease (including near the Homolovi
| Pueblo).

The baseline condition hydraulic model was simulated using steady state modeling in order to
provide data for economic evaluation. For a steady state simulation of the 1% ACE flood, the
water level near the Homolovi | Pueblo for the baseline condition is the water level after the
levee failure when the flows are allowed to convey across the entire floodplain. The Homolovi |
Pueblo is located along the right bank of the LCR just upstream from hydraulic river station
390+00. Model 2 does not accurately record the maximum water surface that occurs as the flows
increase to the 1% ACE peak flow before the levee failure as it models the post breakout
condition in a steady state hydraulic analysis.

Consequently, a third hydraulic model (Model 3) was created that included the Winslow Levee
for the 1%, 0.5%, and 0.2% ACE floods. Flows ranging from the 4% ACE flood (38,310 cfs) to
the 1% ACE flood (69,200 cfs) were used to estimate the water surface elevations on the river
side of the levee to get a stage-discharge relationship. This model assumed levee failure would
not occur. See Figure 4 for the stage-discharge curve. The stage-discharge curve shows the water
surface elevations as the discharges increase from the 4% ACE flood to the 1% ACE flood. This
was done to show how the water surface elevations would increase near the Homolovi | Pueblo
as the flows increase to the 1% ACE peak flow (69,200 cfs) assuming no levee failure.

The following sections introduce the HEC-GeoRAS program, describe the model development,
and present the model simulation results.

5.2 Introduction to Modeling Procedures

HEC-GeoRAS is an ArcView Geographic Information System (GIS) extension that provides the
user with a set of procedures, tools, and utilities for the preparation of GIS data for import into
HEC-RAS. HEC-GeoRAS version 10.0 was used within ArcMap 10.0 to develop spatial data
obtained from the 2009 topographic survey. Using HEC-GeoRAS, a RAS export file was
generated that contained river, reach, and station identifiers; cross-sectional cut lines;
cross-sectional surface lines; cross-sectional bank stations; downstream reach lengths for the left
over bank, main channel, and right over bank; and cross-sectional roughness coefficients.

After importing the GIS geometry data into HEC-RAS, the geometric data set and flow data
were completed before performing hydraulic computations. Water surface and velocity results
from HEC-RAS simulations were exported back to GIS to develop flood inundation maps for the
eight flood frequencies using HEC-GeoRAS. Detailed mapping is available in electronic format.
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5.3 HEC-RAS Model Development

HEC-RAS version 4.2 beta is a one dimensional hydraulic model that can model a full network
of channels. The HEC-RAS model begins just downstream from the Clear Creek Confluence
with the LCR, where the river flows northwest toward the City of Winslow. The LCR Winslow
study reach begins approximately 10,000 feet upstream (southeast) from the BNSF Railroad
Bridge and ends approximately 50,000 feet downstream (north) from the 1-40 Bridge.

HEC-GeoRAS was used to assist the HEC-RAS model development as described in Section 5.1.
HEC-RAS model development included the processing of cross-sections and bridges, defining
Manning n-values and flow regime, evaluating ineffective flow areas, and setting boundary
conditions.

The hydraulic model consisted of approximately 12 miles of the LCR. After a review of previous
studies done by the Bureau of Reclamation (Reference E) and Delph Engineering (Reference D),
the study team visited the site on 9-11 August 2011. The primary purpose of the visit was to
observe the Winslow Levee, the LCR floodplain, and the BNSF Railroad and highway
bridges/underpasses. Furthermore the site visit assisted in the estimation of Manning’s roughness
coefficients (n-values) and general site conditions. The following sections provide detail on the
HEC-RAS hydraulic modeling.

5.3.1 Cross-Sections

Digital terrain data (TIN) and aerial maps were used to generate cross-sections and approximate
stream centerlines for the LCR. The survey data was prepared for Navajo County in 2009. The
centerlines for the LCR were determined using ESRI aerial imagery (January 2013). Cross-
sections were placed approximately every 500 feet along the LCR as well as upstream and
downstream of bridges. After cross-sections were processed by HEC-GeoRAS from the TIN,
they were then exported to HEC-RAS with station and elevation data for each cross-section.

The hydraulic river stations correspond to the cumulative stream length measured from the
downstream end of the study boundary. Hydraulic river station 5+00 is the downstream boundary
of the LCR, which is approximately 10 miles from the 1-40 bridges. Hydraulic river station
630+00 is the upstream station, which is approximately 2 miles upstream from the LCR
confluence with Ruby Wash. Plate 5 shows the cross-sections for the HEC-RAS model

5.3.2 Roughness Coefficients (Manning’s n-values)

The roughness coefficients (Manning’s n-values) for the main channel, left overbank, and right
overbank were estimated reach-by-reach based on the topographic mapping, aerial photos, as-
built drawings, and field investigations. The left and right overbanks have horizontally varied n-
values, while the main channel has a constant n-value throughout the model. The main channel
n-values were determined using the recommended values from the ADWR “Design Manual for
Engineering Analysis of Fluvial Systems” (Reference L) and Open Channel Hydraulics, Chow
(Reference M). The n-value used for the urban areas in the City of Winslow is based on Hejl’s A
method for adjusting values of Manning’s roughness coefficients for flooded urban areas
(Reference N). The selected n-values were kept constant between the eight flood frequencies.
Table 3 and Plate 6 show the Manning’s n-values for the LCR at Winslow Study reach. The
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Manning’s n-values used for this study were compared to those used in the USBR 2003 study
which had overbank n-values vary between 0.077 to 0.15 and a main channel n-value of 0.025.

5.3.3 Bridges

The bridge data was based on the as-built drawings and data provided by Navajo County. See
Table 4 for a list of bridges that cross the LCR near Winslow and a summary of properties such
as number of piers, bridge span length, pier shape, pier width, and bridge width. As-built
drawings (Reference D) were used to determine pier spacing for the four bridges, and field
measurements verified the spacing. The new SR 87 Bridge was completed in 2005 for which no
as-built information was provided. Field measurements were completed to verify pier spacing
and bridge deck thickness. See Plate 7 for bridge locations.

Pier debris was added to the Interstate 40 Bridges in the HEC-RAS model that was completed as
the piers are 2 feet wide. Pier debris was not added to the BNSF Railroad Bridge or the SR 87
Bridge as the piers for those bridges are seven and six feet wide, respectively. This assessment
was based on Los Angeles District Hydrology and Hydraulics Policy Memorandum No. 4,
Debris Loading on Bridges and Culverts.

5.3.4 Flow Regime

The hydraulic models were run using a subcritical flow regime due to the Froude number
(dependent on flow velocity, acceleration due to gravity, and depth of flow) in the channel being
less than 1.0 along the LCR at Winslow reach. Water surface profile computations begin at a
cross-section with known or assumed starting conditions and proceed upstream for subcritical
flow.

5.3.5 Boundary Condition

Boundary conditions are necessary to establish the starting water surface at the ends of the river
system (upstream and downstream). In a subcritical flow regime, an upstream discharge
boundary condition and a downstream water surface elevation are needed.

The flow rates for the upstream cross-section 630+00 were provided by the LCR near Winslow
gage from Table 5 of the USACE Hydrology Appendix (Reference 1). The discharge frequency
values for the HEC-RAS model were summarized in Table 1 of this report. The downstream
boundary condition was normal depth. An energy slope of 0.001 was used as the downstream
boundary condition based on the average channel slope from hydraulic river station 10+00 to
0+00.

5.3.6 Ineffective Flow Area Boundaries

Ineffective flow areas were used in the model to account for non-conveying flow areas. These
locations were determined to be areas where the flow has zero velocity. Ineffective areas were
modeled due to backwater behind bridges and small tributaries and in locations that experienced
sudden contraction or expansion of flow as well as in locations with flow restrictions created by
natural dune landforms. Such areas were determined using aerial photography, the contours, and
the TIN.
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5.3.7 Calibration

The HEC-RAS model was calibrated by varying Manning’s n-values and by using the 2009
HEC-RAS model provided by Navajo County Flood Control District (Reference D). Observed
water surface elevation data was not available. However, Exhibit 8 from the 2009 report
Flooding Threats to Archaeological Sites (Reference K) shows the approximate floodplain in the
Homolovi | Pueblo area for the 1993 flood (Hydraulic river station 390+00). The floodplain
results for the baseline condition analysis were compared (but not calibrated) to Exhibit 8. The
1993 flood had an estimated peak discharge between 70,000 cfs and 77,000 cfs (Reference D)
(1% ACE floods has a peak discharge 69,200 cfs).

5.3.8 Model Assumptions

The BNSF railroad embankment upstream from the BNSF Railroad Bridge (along the right
bank) was modeled as a levee within HEC-RAS from hydraulic river station 630+00 to 570+00
(along the right bank). Furthermore, 1-40 was modeled as a levee for similar reasons to better
represent the conveyance area near the City of Winslow downstream from the 1-40 Bridge from
hydraulic river station 495+00 to the beginning of the Winslow Levee at hydraulic river station
470+00.

5.4 Baseline Hydraulic Model Results and Floodplain Analysis

Flow breakout analysis for the LCR was conducted using HEC-RAS and HEC-GeoRAS. Water
surface profiles were produced and exported to GIS for floodplain mapping for the 50%, 20%,
10%, 4%, 2%, 1%, 0.5%, and 0.2% ACE floods. Floodplains for the eight frequencies are
displayed on Plates 8 to 15, respectively. On the river side of the levee, the floodplain was
modeled using Model 3 (no levee failure); Model 2 (no levee) was used to get flood depths on
the land side of the levee (City of Winslow). The two floodplains were combined using GIS and
are discussed below.

5.4.1 Floodplain Analysis

The 1%, 0.5%, and 0.2% ACE floodplains (See Plates 13, 14, and 15) show significant flooding
in the left overbank including the City of Winslow. The flooding near the 1-40 bridges is caused
by backwater on the bridges at the BNSF Railroad and the 1-40 bridges. The flooding in the right
overbanks does not threaten any structures although it does encroach on the Homolovi | Pueblo
near hydraulic river station 390+00. The 1%, 0.5%, and 0.2% ACE floods overtop the Ruby
Wash Diversion Levee, resulting in flooding in the left overbank including the City of Winslow.
When combined with the overtopping of the Winslow Levee between the BNSF Railroad Bridge
and the SR 87 Bridge, the floodplain shows extensive flooding in the City of Winslow.

The 2% ACE flood shows the Winslow Levee/Ruby Wash Diversion Levee being overtopped
due to backwater caused by the BNSF Railroad Bridge. The breakout occurs at hydraulic river
station 535+00. A sensitivity analysis was completed to determine at which point the levee
becomes overtopped. At approximately 44,000 cfs, the Winslow Levee begins to overtop (a 2%
ACE flood is approximately 52,020 cfs). The existing levee is deficient in height along in the
section of the levee upstream from the BNSF Railroad Bridge (hydraulic river station 529+83 to
542+50). Plate 12 shows the flooding is contained by the BNSF Railroad and flows do not reach
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Winslow. The amount of flow through the BNSF Railroad underpasses is negligible considering
the duration of the overflow and the volume that is stored south of the railroad embankment.

The 50%, 20%, 10%, 4%, and 2% ACE floodplains do not show flooding in the City of Winslow
as the levee prevents the water from getting to the city. The flooding in the right overbanks does
not threaten any structures for the 50% ACE and 20% ACE floods. However, flooding at the
Homolovi | Pueblo begins at approximately the 10% ACE flood, causing increased flooding at
this location for the 10% ACE to 0.5% ACE floods.

5.4.2 Freeboard Condition

FEMA'’s standards for accrediting levees for 1% ACE flood protection require that levees have a
minimum of 3 feet of freeboard. The freeboard for the baseline condition is below 3 feet for the
1% ACE flood along the majority of the Winslow Levee (Section 3.1.3). Upstream from the
BNSF Railroad Bridge, the Winslow Levee is overtopped (station 542+50 to 529+39) during the
1% ACE flood event. The majority of the levee downstream from the BNSF Railroad Bridge
does not currently meet the 3 feet freeboard requirement for FEMA accreditation.
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6.0 HYDRAULIC ANALYSIS USING TWO DIMENSIONAL FLOW

The Winslow Levee study area is in a flat alluvial fan area, and the flooding is a dynamic
process. In an overflow analysis where flooding is not limited by topographic changes (flat) in
term of flow direction, a two-dimensional model is more appropriate to estimate flood limitation.
The unsteady state simulation using the inflow hydrograph with flow volume conservation can
produce a mathematical simulation closer to the real flooding scenario. Because of these reasons,
FLO-2D was applied to the study area due to the two-dimensional application, transient
simulation, and volume conservation. FLO-2D results complement the HEC-RAS model results
discussed in Section 5.0 and also provide a better understanding of the Winslow Levee system.
This section presents the introduction of the FLO-2D program, model development, and
simulation results. FLO-2D is a Corps of Engineers approved model for surface water hydraulic
applications.

6.1 Introduction to FLO-2D

FLO-2D is a two-dimensional flood routing model that was used to perform additional hydraulic
analysis, delineate floodplains, and determine flow depths. FLO-2D is a volume conservation
flood routing model that distributes a flood hydrograph over a system of square grid elements. It
was used to create and process the surface water components. FLO-2D is a flood routing model
that simulates channel flow and unconfined overland flow. FLO-2D uses the continuity and
momentum equations, and numerically routes a flood hydrograph while predicting the area of
inundation and simulating flood wave attenuation.

Channel flow is one-dimensional with the channel geometry represented either by natural,
rectangular, or trapezoidal cross-sections. Channel overbank flow is computed when the channel
capacity is exceeded. An interface routine calculates the channel to floodplain flow exchange
including return flow to the channel. Once the flow overtops the channel, it will disperse to other
overland grid elements based on topography, roughness, and obstructions.

FLO-2D simulates unconfined overland flow using topographic data files that have been
developed from a digital terrain model or digitalized base map. The FLO-2D software package
includes a grid developer system (GDS) that will overlay a square grid system on a set of digital
terrain (DTM) points that were derived from the 2009 survey data (Reference C). The GDS will
filter DTM points, interpolate the DTM data, and assign elevations to grid elements (Reference
0).

The governing fluid equations of the model are the continuity equation and momentum equation
in two-dimensional form. The momentum equation used in the model is in a form known as the
dynamic wave momentum equation. FLO-2D models channel flow using the one-dimensional
dynamic wave approximation to the momentum equation. The channel-floodplain exchange is
based on the potential water surface elevation difference between the channel and the floodplain
grid element containing either channel bank. The computed velocity of either the outflow from
the channel or the return flow to the channel is computed using the diffusive wave equation,
which neglects the last three acceleration terms in the momentum equation. Overbank flow
modeling is solved using the 2-dimensional dynamic wave approximation to the momentum
equation.
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6.2 FLO-2D Model Development

6.2.1 Model Overview

FLO-2D was used in this study to model overbank flows, which are comprised of flows that
travel out of stream channels and across the topography of the floodplain. FLO-2D has the
capability of modeling both one-dimensional channel flow and two-dimensional overbank flow.

6.2.2 Procedure and Process

The first task in developing the FLO-2D model was assembling the topographic data for the
Winslow Levee Study. The FLO-2D grids in overbank areas were constructed from the 2009
survey data provided by Navajo County (Reference C). Using the FLO-2D pre-processing
program GDS to process the DTM, a 300-ft by 300-ft grid element system was developed for the
study area. Since the FLO-2D model was developed to simulate the floodplain for planning
purpose, and due to the computational time consideration, the 300-ft by 300-ft grid is appropriate
for this study. The channel data file was created directly from the HEC-RAS model using the
GDS pre-processing program. The levee data input file was created using the geo-referenced
shape file and FLO-2D levee data input guideline.

Water surface output from the FLO-2D model was exported to a GIS environment. Post-
processing of the output in conjunction with the topographic data and aerial photos was
performed to generate and define floodplains.

6.2.3 Boundary Conditions

Boundary conditions for the model include inflow and outflow boundary nodes, tail water
conditions, and channel inflow hydrographs. Inflow boundary nodes are identified in the input
file and inflow hydrographs are provided from the hydrologic analysis. Tail water conditions for
the outflow nodes are based on normal depth, with the slope computed from adjacent node
elevations. The inflow boundary node for the Winslow Levee Study area was set upstream of the
SR 87 Bridge. The balanced hydrographs (shown in Figures 2 and 3) were entered into the model
at the inflow boundary node. The outflow boundary condition was set at the downstream model
boundary.

6.2.4 Assumptions and Limitations

Several basic assumptions and limitations must be considered with the FLO-2D model. Two-
dimensional flow simulation in FLO-2D is limited to the eight directions of the compass. The
model routes channel and overland flow using the full dynamic wave or the diffusive wave
approximation to the momentum equation. The simulations performed presented a fixed bed
analysis. Bridges and overland flow on streets were not included in the model.

Since the input hydrograph has 84 hours (3.5 days) duration, the developed model was run to
simulate the same time period. During the simulation run, the FLO-2D model uses a time step
value dependent on a Courant Number of 1. Other measures implemented to insure stability
include limiting the floodplain and channel depth change per time step to 20% and 25%,
respectively, and limiting the time step to a maximum of 30 sec. The minimum flow depth for
flood routing is 0.1 ft.
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6.3 Floodplain Analysis Approach

The Winslow Levee is about 7.2 miles long, and was designed to protect against a 65,000 cfs
discharge in the LCR. Based on the current hydrologic analysis, the 1% ACE peak discharge is
about 69,200 cfs. The Winslow Levee design discharge is below 1% ACE peak discharge.
Previous levee issues include an overtopping failure which occurred between 2% to 1% ACE
flood frequency events and a piping failure which occurred between 4% ACE to 1% ACE flood
frequency events (see Section 3.1.1). For the FLO-2D simulation runs, five different scenarios of
levee simulations were assumed. The simulation results were used to check with HEC-RAS
results for the compatibility of the two models. The five FLO-2D modeling scenarios are as
follows:
e The first scenario assumes that LCR flows are contained by the levee.
e The second scenario assumes that the levee fails totally.
e The third scenario assumes that the levee fails at four different locations due to
impingement and piping failures.
e The fourth scenario assumes that the levee fails due to impingement near the SR 87
Bridge area.
e The fifth scenario assumes that the levee fails at three locations downstream of the
Bushman Acres community.

The second, third, fourth, and fifth scenarios were used to complement the HEC-RAS
simulations. Under the steady state condition, HEC-RAS is difficult to simulate the dynamic
levee failure at different locations. The assumption of these scenarios were based on the
historical failures and known information (see Section 3.1.1).

6.3.1 Scenario 1: Levee Remains

The first scenario assumes that LCR flows are contained by the levee and that the levee remains
intact. The levee was assumed functional for the 50%, 20%, 10%, 4%, and 2% flood discharge
conditions. The simulation results were compared with the HEC-RAS results (Model 1) as
presented in Chapter 5. The results from these two models are almost identical. Plate 16 shows
the simulated floodplain for the 4% ACE flood. Plate 17 shows the simulated floodplain for the
2% ACE flood. The corresponding HEC-RAS simulation results are shown in Plates 11 and 12,
respectively. The comparisons demonstrate that the simulation results from the two models are
compatible and in agreement. Since the scenario is for model comparison purpose, the 50%,
20%, and 10% ACE floodplain results are not presented in this report.

6.3.2 Scenario 2: Total Levee Failure (No Levee)

The second scenario assumes that the levee fails totally and does not include a levee in the
model. The levee was assumed totally failed for the 1%, 0.5%, and 0.2% ACE floods. This
scenario uses the same assumption as HEC-RAS Model 2 described in Section 5. Plate 18 shows
the simulated floodplain for the 1% ACE flood. As shown in the figure, water flows between SR
87 and 1-40 into the City of Winslow and inundates half of the city area. North of 1-40, floods
inundate large areas in the overbanks, including properties in Ames Acres, Bushman Acres, and
other areas behind the levee. However, near the lower end of the levee and the west river bank
area, some areas are not inundated based on this simulation.
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Plate 19 shows the simulated floodplain for the 0.5% ACE flood. Plate 20 shows the simulated
floodplain for the 0.2% ACE flood. Comparisons between Plate 18, Plate 19, and Plate 20 show
that the flooding areas are almost the same for the three flood frequencies. The differences are
the flow depth. A review of the balanced hydrographs of Figure 3 shows that the 1%, 0.5%, and
0.2% ACE flood hydrographs are similar, and the differences are peaks and volume flows. Table
5 shows the 3.5 days (84 hours) total volume flows and inundated areas for the three different
flood frequencies. The inflow hydrograph duration is 3.5 day (84 hours) for all the simulations.

6.3.3 Scenario 3: Impingement & Piping Failure at Four Locations

The third scenario assumes that the levee fails at four different locations due to impingement and
piping failures. The levee failure was assumed at four locations. Impingement failure was
assumed to happen at three locations along the levee. One location of piping failure was also
assumed. The failure locations were assumed based on the geotechnical study input. Plate 21
shows the simulated floodplain for the 1% ACE flood. The levee failure locations are also shown
in the simulated floodplain maps. The simulated floodplain is similar to that of Plate 18, the total
levee failure case (Scenario 2).

Plate 22 shows the simulated floodplain for the 0.5% ACE flood. Plate 23 shows the simulated
floodplain for the 0.2% ACE flood. Comparisons between Plate 21, Plate 22, and Plate 23 show
that the flooding areas are similar for the three flood frequencies. The differences are the flow
depth. The results are also similar to the simulation results of the total levee failure case
(Scenario 2). Table 6 shows the 3.5 days total volume flows and inundated areas for the three
different flood frequencies. The simulated inundation areas for the impingement and piping
failure are slightly larger than the corresponding areas simulated for the no levee case (Scenario
2). The major difference is in the lower end of the levee area.

6.3.4 Scenario 4: Impingement Failure near State Route 87 Bridge

The fourth scenario assumes that the levee fails due to impingement near the SR 87 Bridge area.
The levee failure was assumed at only impingement failure point 1, close to SR 87. Plate 24
shows the simulated floodplain for the 1% ACE flood. As shown in the figure, the flood water
flows through the narrow funnel area between SR 87 and 1-40 into the city of Winslow. Through
the 1-40 bypass area, the floods flow further through 1-40 to the north (downstream) and create a
large flooding area.

As demonstrated in this simulation scenario, the levee breach failure in the upstream area will
cause significant damage to the city of Winslow, Ames Acres, Bushman Acres, and other areas
behind the levee.

6.3.5 Scenario 5: Impingement & Piping Failure Downstream of Bushman Acres

The fifth scenario assumes that the levee fails at three locations downstream of the Bushman
Acres community. The levee failure was assumed at three locations downstream of the Bushman
Acres area. Plate 25 shows the simulated floodplain for the 1% ACE flood and the levee failure
locations. As shown in Plate 25, the flood water flows downstream toward the north. The city of
Winslow, Bushman Acres, and other residential areas are not inundated by the floods.
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As demonstrated in this simulation scenario, the levee breach failure in the downstream area of
Bushman Acres will not cause damages to the city of Winslow, Ames Acres, Bushman Acres,
and other business areas behind the levee.

6.4 Comparison of FLO-2D Results with HEC-RAS Results

The LCR Winslow study area is in an alluvial fan valley with a flat central area and gradually
higher elevations at the east and west sides of the valley. The comparison of the HEC-RAS and
FLO-2D models provides a better understanding of floodplains of the study area.

The HEC-RAS floodplains for the 4% ACE and 2% ACE floods are shown on Plate 11 and 12.
Plates 13, 14, and 15 show the HEC-RAS 1% ACE, 0.5%, and 0.2% ACE floodplains,
respectively. The comparisons of the HEC-RAS simulated 4% ACE and 2% ACE floodplains
(Plates 11 and 12) with the FLO-2D simulated 4% ACE and 2% ACE floodplains (Plates 16 and
17) show that the results from the two model simulations are compatible and in agreement. For
these two flood frequencies, the levee remained functional and the water flows were contained
behind the levee.

A comparison of the HEC-RAS simulated 1% ACE flood (Plate 13) with the FLO-2D simulated
1% ACE floodplain (Plate 18) shows that the results from the two model simulated floodplains
are very similar.

The comparisons between the HEC-RAS simulated 0.5% ACE and 0.2% ACE floodplains
(Plates 14 and 15) with the FLO-2D simulated 0.5% ACE and 0.2% ACE floodplains (Plates 19
and 20) show that the results also align.

6.5 Summary of FLO-2D Results

As mentioned in Section 5.0, the floodplains simulated by the HEC-RAS model were based on
the steady state flow rate boundary condition. FLO-2D is a volume conservation two-
dimensional model and uses unsteady state flow hydrograph as input. The FLO-2D model
simulations verify that the floodplains generated from the HEC-RAS simulations are consistent.

In addition to the baseline model simulations, the FLO-2D model provided three more levee
failure case analyses. The impingement and piping failure at four possible locations
demonstrated that it will cause almost the same inundation area as the total levee failure. The
impingement levee failure near SR 87 will cause much more damage than the impingement levee
failure downstream of the Bushman Acre area. As mentioned in Section 6.3 the FLO-2D
simulations were used to complement the HEC-RAS model simulations. The FLO-2D
simulations provide valuable input for the plan formulation process in the baseline study and the
project alternative evaluations. In this study, the HEC-RAS results were used for the economic
analysis (HEC-FDA). The HEC-RAS model was also used for the Risk & Uncertainty Analysis.

The 4% ACE and 2% ACE floods for the FLO-2D baseline condition do not show flooding
along the Winslow Levee reach (Plates 16 and 17). The 1%, 0.5%, and 0.2% ACE floods do
show flooding in the City of Winslow caused by failure of the Winslow Levee (see Plates 18, 19,
and 20). For the 1%, 0.5%, and 0.2% ACE floods, maximum flood depths in the City of
Winslow southwest from 1-40 are approximately 7, 8, and 10 feet, respectively. Each of the three
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flood frequencies inundate the area around the wastewater treatment plant (WWTP) which has a
ring levee surrounding it which was designed for the 1% ACE flood. Maximum flow depths near
the WWTP are 3, 5, and 6 feet respectively for the 1%, 0.5%, and 0.2% ACE floods.

The baseline condition shows flooding in the Homolovi | Pueblo area. For Scenario 1 (levee
remains — no failure), the 1% ACE flow depth is a maximum of 5.1 feet. For Scenario 3 (4 levee
failure locations), the 1% ACE flow depth is a maximum of 4.4 feet. For Scenario 4 (levee
failure upstream near State Route 87 Bridge), the 1% ACE flow depth is a maximum of 4.5 feet.
For Scenario 5 (levee failure downstream of Bushman Acres), the 1% ACE flow depth is a
maximum of 4.9 feet.
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7.0 SEDIMENT TRANSPORT ANALYSIS

This section presents the sediment transport analyses for the Winslow Levee Study Reach of the
LCR. The objective of the analyses is to identify sedimentation and erosion under the baseline
condition. The channel geomorphology, the HEC-RAS sediment model development, and model
simulations are presented in this section. See Attachment 2 for Sediment Gradations and
Gradation Location Map. See Attachment 3 for a description on channel geomorphology.

7.1 Sediment Transport Model

HEC-RAS version 4.2 beta was used to conduct the numerical sediment transport modeling in
this study at the recommendation of HEC. The objective of the sediment transport analysis is to
identify baseline sediment conditions. The sediment transport analysis is conducted to establish
channel configuration for future conditions based on sediment impacts. A baseline condition
sediment transport model was created based on the baseline hydraulic model and was extended
upstream about 10 miles to better represent the sediment transport of LCR.

Because measured water surface elevations were not available, calibration could not be
performed due to the lack of historical data. Manning’s roughness coefficients, detailed in
Section 5.3.2, were used for the sediment transport model. Water surface elevations at hydraulic
river station 5+00 from the hydraulic analysis were used for the rating curve and are provided in
Table 7. Bridges were removed from the baseline condition hydraulic model for the sediment
transport analysis for numerical stability.

7.2 Comparison of Survey Data

The sediment analysis was based on best available data, such as survey data from the USBR
study in 2003 (Reference E) and the 2009 Winslow survey data provided by Navajo County
(reference C) as well as technical manuals. The sediment transport modeling for the LCR
provides insight to the current and future conditions of the river system, helping determine if
areas are aggrading, degrading, or stable. The 2009 Winslow survey data was compared to the
USBR survey (completed in 2000) at various cross-sections along the study reach. The cross-
sections from the two surveys were analyzed to check for any aggradation or degradation along
the reach over the 10-year period. The analysis showed that at the upstream portion of the study
(from hydraulic river station 1300+00 to 750+00) the river floodplain experienced aggradation
by as much as two feet, which occurred near hydraulic river station 1055+00. The comparison of
the area upstream from the Winslow bridges (hydraulic river station 750+00 to 550+00) showed
degradation by approximately 2 feet across the floodplain along this reach. The cross-sections
near the bridges (hydraulic river station 550+00 to 480+00) showed both aggradation and
degradation by as much as 1.5 feet along this reach of the LCR. The area downstream from the
bridges (hydraulic river station 480+00 to 5+00) showed degradation by as much as 3.5 feet,
which occurred at hydraulic river station 320+00. The HEC-RAS sediment model was compared
to the aggradation and degradation trends that occurred over 10 years along the LCR.

7.3 Sediment Transport/Moveable Boundary Computations

The sediment transport model is designed to simulate long-term trends of scour and deposition in
a stream channel. Sediment transport simulations were conducted for the 50%, 20%, 10%, 4%,
2%, 1%, 0.5%, and 0.2% ACE flood simulate a range of discharges that the sediment model
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would encounter during the movable bed simulations. The moveable bed limits were set for each
cross-section based on the floodplain extents to allow for aggradation and degradation of the
channel and floodplain.

7.4 Sediment Transport Functions

The Laursen-Copeland transport function and the Yang transport function were used for the
baseline conditions sediment transport model. Yang’s model was more appropriate for the
analysis as it met the requirements for average channel velocity and sediment particle size better
than Laursen-Copeland. It is the most appropriate model to use due to the sandy nature of the
LCR bed material.

Laursen-Copeland was tested as one of the options as it covers a large range of grain sizes, and
Yang’s model was tested based on input bed material gradations. The average bed elevation
difference for the 1% ACE flood model run using Laursen-Copeland was aggradation of 1.2 feet
to degradation of 4.49 ft. The average bed elevation difference for the 1% ACE flood model
using Yang was aggradation of 3.95 feet to degradation of 2.75 feet.

7.5 Bed Sediment Characteristics

Bed sediment characteristics and sample locations were provided by the USBR’s sediment report
from 2003 (Reference E). Ten locations from that report were used for sediment sampling within
the project area, and gradation curves were developed at these locations. Those USBR samples
(4,6,7,9, 10,12, 18, 19, 21, & 25) are shown in Attachment 2. Additionally, from hydraulic
river station 1130+00 to 525+82.13, an average bed gradation from USBR #18 and USBR #19
was used in the model. USBR #18 is just downstream from Joseph City, AZ, and USBR #19 is
located between the SR 87 and BNSF Railroad Bridges. Samples 4, 12, 6, 7, 10, and 9 from the
USBR are located at the downstream portion of the reach. Sampling sites were located in natural
channel areas, and samples were collected from 0 to 2 feet. Laboratory grain-size analyses were
performed on the samples. The bed gradation data was entered in to the HEC-RAS 4.2 sediment
data file, and the interpolate gradation option within HEC-RAS was utilized to determine the
sediment for the remaining stations between the gradations from hydraulic river station
525+82.15 to 5+00. Sediment gradations and sample locations are shown in Attachment 2.

7.6 Inflowing Sediment Rating Curve

An equilibrium bed material load was used to determine the inflowing sediment loads.
Equilibrium load is determined by transport capacity. Sediment transport capacity is determined
at each time step at the specified cross-section, and is used as the sediment inflow. Since load is
set equal to capacity for each grain size, there will be no aggradation or degradation at the
upstream cross-section.

7.7 Movable Bed Limits

In general, sediment dynamics tend to be more significant within the active channel, where the
bed can either degrade or aggrade in response to erosion or deposition. The overbank areas tend
to be more stable and normally are free of erosion, but can experience deposition. The moveable
bed limits were set to include part of the floodplain. A bed sediment depth of 8 feet was set as an
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initial condition. During sediment transport analysis, the largest degradation is approximately 3.2
feet for the 1% ACE flood, which is less than the initial moveable bed limit of 8 feet.

7.8 Hydrology

Simulations were performed with the peak discharge rates based on the HEC-RAS hydraulic
results. Inflow hydrographs (See Section 4.2) at the upstream boundary of the channel are
required. In order to preserve the peak flow and volumes of the flooding events, the balanced
hydrographs were calculated for the simulation. In addition, balanced hydrographs for 50%,
20%, 10%, 4%, 2%, 1%, 0.5%, and 0.2% ACE floods were used to simulate the impact that such
events would have on the channel.

7.9 Local Scour

The sediment transport analysis was conducted to determine the aggradation and degradation for
the various discharge frequency events. The analysis detailed in previous sections does include
local scour. Based on the 1980 LCR Feasibility Report (Reference P), the design scour depth of
the Winslow Levee varies from 10 to 15 feet for the reaches where the river is susceptible to
sharp bends and impingement. A scour depth of 5 feet was recommended for the reaches of the
levee that were not in contact with the main channel of the river. For the alternatives described in
this appendix, 15 feet was used as the scour depth for the levee design along the entire length
because impingement locations have historically moved and to be conservative. A scour analysis
is recommended for the tentatively selected plan to verify the previous analysis from 1980.

7.10 Results

The following results are for the 1% ACE flood. The results for the other flood frequencies are
similar. The upstream end of the LCR from hydraulic river station 1070+00 to 1005+00
experienced degradation up to 2.2 feet. From 1005+00 to 760+00, the channel generally
experiences aggradation up to 1.1 feet. The channel experiences degradation near the bridge area
from hydraulic river station 565+00 to 490+00 of up to 3.2 feet. The degradation can be
attributed to the bridges constricting flow at greater discharge frequencies. Downstream of the
bridge area, the channel experiences mostly aggradation of up to 0.95 feet from hydraulic river
station 490+00 to 375+00. Figures 5 through 12 show the channel invert change for the 50%,
20%, 10%, 4%, 2%, 1%, 0.5%, and 0.2% ACE floods.

No data was used for calibration. The sediment analysis was based on best available data, such as
survey data from the USBR study in 2003 and the 2009 Winslow survey completed by Navajo
County as well as technical manuals. The results of the sediment study will be used to help
evaluate alternatives in the next phase of the Winslow study.
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8.0 RISK AND UNCERTAINTY ANALYSIS

A Risk and Uncertainty (R&U) analysis was performed for the baseline condition using
procedures in EM 1100-2-1619, Risk-Based Analysis for Flood Damage Reduction Studies
(Reference Q) and ER 1105-2-101, Risk Analysis for Flood Damage Reduction Studies
(Reference R). These documents discuss uncertainties associated with various elements of the
design, including discharge-probability, stage-discharge, and structural and geotechnical
performances, as well as methodologies to quantify these uncertainties. The current USACE
methodology for the R&U analysis does not consider structural and geotechnical uncertainties;
thus, the analysis for this study was conducted for only discharge-probability and stage-discharge
functions. In addition, uncertainty associated with Manning’s “n” values was incorporated using
the standard deviation of error in the stage-discharge functions.

8.1 Sources of Uncertainties — Discharge Probability

For a flood or storm event with a given probability of occurrence, there is uncertainty regarding

the discharge at specific locations along the study reach. The reliability of discharge/probability

estimates is directly linked to the available historical record of stream gage data. In cases where
records are short or incomplete, the uncertainty tends to be large. To address this uncertainty, an
analytical or graphical method is typically used to determine statistical distributions of discharge
for a range of probabilities at key locations in the study area.

The stream gage for the LCR near Winslow has only 7 years of data (2002 - 2008). Therefore,
stream gage records for the LCR near Joseph City, Holbrook, and Grand Falls were also
collected. It is important to note that the stream gages near Joseph City (09397300) and at
Holbrook (09397000) are separated by a distance about 7 - 8 miles, and their drainage areas are
11,462 square miles and 12,384 square miles, respectively. One gage has continuous data from
1950-1972, and the other gage has continuous data from 1971-2008. Therefore, these two stream
gage records are combined together by applying the drainage-area-ratio methodology (Reference
1). The combined stream gage records have 61 years of data. The total drainage area is 16,192
square miles. Table 8 shows the expected and computed peak discharges with confidence limits
for the LCR at Winslow. The computed discharge for the 50%, 20%, 10%, 4%, 2%, 1%, 0.5%,
and 0.2% ACE floods is provided in Table 2. The computed discharge for the 99% ACE flood is
1,620 cfs.

8.2 Sources of Uncertainties — Stage Discharge

For a given discharge, there is uncertainty regarding the water surface elevation at a given
location. Factors contributing to this uncertainty include bed forms, water temperature, debris or
other obstructions, unsteady flow effects, variation in hydraulic roughness with season, sediment
transport, channel scour or deposition, and changes in channel shape during or as a result of
flood events, among other factors. To address this uncertainty, estimates of the standard
deviation of error about the predicted stages at key locations were made.

Total stage uncertainty is a function of model uncertainty (Smoder) and natural uncertainty
(Snatural).
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8.2.1 Natural Uncertainty

Natural uncertainty is a function of four parameters: watercourse bed composition, drainage area,
1% ACE peak discharge, and stage range.

Watercourse Bed Composition (Bed Identifier)

With respect to the water course bed composition factor, information in “Table 5-1” of EM
1110-2-1619 was utilized (see Table 9 of this report). A higher value relates to higher “mobility”
of the bed material. (Note this is completely independent of the smoothness of the bed material).
Manning’s n value variation is a parameter of Smodel (See Section 8.2.2). For the bed material, the
user evaluates the probability that the bottom topography will remain unchanged over time. A
less “mobile” material will be more able to resist scour and erosion. Since the evaluation reach
invert is comprised of sands, the bed composition factor corresponds to 4.

Drainage Area
As discussed in the USACE hydrology appendix, the Winslow area has a drainage area of
approximately 16,192 square miles.

The 1% ACE Peak Discharge
Through the evaluation reach, the 1% ACE peak discharge used for the analysis is 69,200 cfs for
the LCR at Winslow (Refer to Hydrology Appendix).

Stage Range
Range is defined as the maximum predicted or observed range of stage on the watercourse. The

minimum flow in the river is set to zero; therefore, the minimum water surface elevation is equal
to the invert elevation at any location. In a theoretical worst case scenario, the water surface
could rise to the height of the levee and then by some additional value while overflowing. For
this evaluation, the height of the levees plus one foot was determined to be the maximum water
surface elevation at any given cross-section river station.

The four parameters listed above serve as inputs for the equation below, which yields natural
uncertainty. As explained in EM 1110-2-1619, this equation is written to use metric units of
measure and therefore requires conversion before calculating.

S 0.07208 + 0.04936 I, -2.2626 x10 " A +

tnatural :[ ba sin

0.02164 H +1.4194 x10°°Q, |2

range

Ibed = stream bed identifier for the size of the bed material (dimensionless
constant), which controls flow in the reach of interest

Avasin = drainage basin area in square kilometers

Hrange = maximum expected or observed range in stage in meters

Qo0 = peak discharge of the (1% ACE) flood in cubic meters per second

Since an HEC-RAS model was used to obtain invert and levee elevation data for each designated
cross-section. The Snawral Value was determined for each cross-section.
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8.2.2 Model Uncertainty

As defined in EM 1110-2-1619, model uncertainty is associated with the accuracy of the
Manning’s n-values used in the model of the watercourse. Because the n-value is not a
measurable quantity, there is some inherent uncertainty with the n-values used in a computer
model or a mathematical calculation. As mentioned, the Manning’s n-value determination is not
exact.

To calculate the model uncertainty, two modified geometries for the evaluation reach were
created in HEC-RAS. The Manning’s n-values were reduced by 20% for one of the geometry
files and increased by 20% for the other geometry file. Manning’s n-values were varied by 20%
based on reasonable engineering assessment to develop upper and lower bounds of stage as
described in EM 1110-2-1619, Section 5-7.

The value of model uncertainty is the standard deviation of the variation in water surface
elevations between the “best case” and “waorst case” geometries. A steady state analysis was
conducted for each geometry file using HEC-RAS. The output results from both iterations were
then displayed on a spreadsheet with a focus on determining the water surface elevation at each
cross-section within the evaluation reach. Finally, the water surface values were averaged to
determine an Emean for each damage sub-reach. The sub-reaches used for this analysis are
Reaches 1 and Reach 2 as shown in Plate 26. The deviation in the water surface profiles was then
calculated using the equation below.

E

__ —mean
model — 4

S

Where Emean = mean difference between the upper and lower limits of the calculated stage

8.2.3 Total Uncertainty

Model and natural uncertainty are related using Eqn. 5-6 of EM 1110-2-1619 to calculate the
total uncertainty at each cross-section for each damage sub reach. The total uncertainty (Stotar)
value at each station within each sub-reach was then averaged to determine the total uncertainty
for the respective damage sub-reach. Because the HEC-FDA program uses one designated index
station within each sub-reach, the natural uncertainty for that specific station was averaged with
the model uncertainty for the encompassing sub-reach to calculate the total uncertainty at that
index station applicable to its damage sub-reach (defined below). The index location for the
evaluation reach is specified to aggregate stage-damage functions with uncertainty for flood
damage analysis calculations. For this analysis the index location was set at the cross-section
location with the least freeboard or areas where the levee has is susceptible to overtopping or
failure. The total standard deviation of uncertainty calculation is summarized in Table 10.

St = \/S 2 patural + S model

Where St = total standard deviation of uncertainty

Snatural = Standard deviation of uncertainty as a function of pertinent natural physical
characteristics of the watershed and conveyance

Smodel = standard deviation of uncertainty of computed water surface data using
mathematical models
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8.3 Geotechnical Evaluation of Levee Fragility

8.3.1 Overview

A Geotechnical Engineering analysis was conducted by Los Angeles and San Francisco Districts
of the U.S. Army Corps of Engineers. The purpose of the geotechnical analysis was to evaluate
the expected geotechnical performance of the Winslow and Ruby Wash Diversion levees,

located near Winslow, Arizona. The evaluation was used in performing an economic cost/benefit
analysis to determine if a flood risk management project is feasible in accordance with EM 1110-
2-1619, Risk Based Analysis for Flood Damage Reduction Studies. See Attachment 4 for the
Geotechnical Evaluation of Levee Fragility report completed in 2012.

8.3.2 Levee Fragility and Probability of Unsatisfactory Performance

As discussed in ETL 1110-2-556 probabilistic engineering analysis is a complex and immature
field in geotechnical engineering, and the results of this analysis should be used and interpreted
with care.

Corps planning has adopted a risk and uncertainty modeling approach, requiring that that the
geotechnical performance of the levee be considered when determining cost/benefit ratios. The
geotechnical performance is stochastically incorporated into the economics by the use of levee
fragility curves that express the probability that the levee will have unsatisfactory performance
for a given river stage.

Typically, fragility curves are used in the economic analysis in a joint probability approach
combining event frequency and probability of unsatisfactory performance, such that the damages
for a given event are effectively scaled by the probability of unsatisfactory performance. The
damages for all possible events are determined and annualized to compute estimated annual
damages. Probability of Unsatisfactory Performance (Pu) is used to define fragility curves. Py
does not directly describe the probability that the levee will catastrophically fail under a given
load, but rather describes the probability that ground conditions exist that would result in a limit
state (factor of safety =1.0) being exceeded under the given load for a certain set of assumptions.

Levee failure modes include underseepage (when landside slope stability factor of safety is
reduced below 1.0) or when an erosion progression occurs. The “weak link” for each economic
area was chosen to calculate damages for the without project condition.

8.3.3 Selection of Index Locations

The levee, for the purposes of this analysis, was divided into reaches. A reach was defined as a
segment of levee which, if a breach were to occur at any point within that segment, would likely
result in similar damages. An index point was defined as a critical cross section at a specific
station within each reach. The project geotechnical team considered levee geometry,
geotechnical conditions, hydraulic loading, past performance and potential economic
consequences in selecting index points for levee fragility monitoring. If conditions did not
readily allow for determining between two locations in a reach, which was likely to have worse
geotechnical performance, both were evaluated. The most fragile index point was chosen to
represent the levee in that reach. Three reaches were defined and four index points were selected
for geotechnical fragility evaluation.
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The four index locations selected for the geotechnical levee fragility analysis were:

1. Ruby Wash Diversion Levee (RWDL) hydraulic river station 4+95 — equivalent to
Winslow Levee (WL) hydraulic river station 535+00 (upstream from the BNSF Railroad
Bridge).

2. Winslow Levee hydraulic river station 515+00 (downstream from the State Route 87
Bridge and upstream from the Interstate 40 Bridges).

3. Winslow Levee hydraulic river station 370+00 (located near the southern impingement
location due west of the Homolovi | Pueblo).

4. Winslow Levee hydraulic river station 290+00 (located near the northern impingement
location approximately 12,000 feet downstream (north) from the Homolovi | Pueblo).

See Figure 4 on page 12 of Attachment 4 for index point locations.

8.3.4 Evaluation of Index Locations

Table 11 shows the combined probability of unsatisfactory performance for each of the levee
locations. Table 11 shows whether the water surface elevation is above (positive number) or
below (negative number) the top of levee for the WSE values selected in the delineation of the
levee fragility curves. Table 12 shows probability of unsatisfactory performance vs frequency
and discharge events.

At index location 1 (RWDL 4+95/ WL 535+00), the probability of unsatisfactory performance
begins at water surface elevation 4862 feet (10% ACE flood) which is 4.7 feet below the top of
levee elevation. The probability of unsatisfactory performance increases to 0.16 for the 4% ACE
flood, 0.31 for the 2% ACE flood, and 1.0 at WSE 4868 feet (which is between a 2% and 1%
ACE flood) and approximately a foot above the top of levee elevation.

At index location 2 (WL 515+00), the probability of unsatisfactory performance begins at water
surface elevation 4859.5 feet (between a 10% and 4% ACE flood) which is 5.5 feet below the
top of levee elevation. The probability of unsatisfactory performance increases to 0.01 for the 4%
ACE flood, 0.03 for the 2% ACE flood, 0.08 for the 1% ACE flood, and 1.0 at WSE 4866 feet
(which is between a 1% and 0.5% ACE flood) and is 1 foot above the top of levee elevation.

At index location 3 (WL 370+00), the probability of unsatisfactory performance begins at water
surface elevation 4849 feet (between a 10% and 4% ACE flood) which is 6.4 feet below the top
of levee elevation. The probability of unsatisfactory performance increases to 0.01 for the 4%
ACE flood, 0.03 for the 2 % ACE flood, 0.07 for the 1% ACE flood, 0.16 for the 0.5% ACE
flood, 0.20 for the 0.2 % ACE flood, and 0.50 at WSE 4857 feet (which is greater than a 0.2%
ACE flood) and is approximately 1.5 feet above the top of levee elevation.

At index location 4 (WL 290+00), the probability of unsatisfactory performance begins at water
surface elevation 4840 feet (less than a 50% ACE flood) which is 12.6 feet below the top of
levee elevation. The probability of unsatisfactory performance increases to 0.23 for the 4% ACE
flood, 0.38 for the 2 % ACE flood, 0.57 for the 1% ACE flood, 0.78 for the 0.5% ACE flood,
0.92 for the 0.2 % ACE flood, and 1.0 at WSE 4852 feet (which is greater than a 0.2% ACE
flood) and is approximately 0.6 feet below the top of levee elevation.
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9.0 ALTERNATIVES ANALYSIS OVERVIEW

This section discusses the with-project hydraulic analysis, provides an overview of the plan
formulation charette process, and briefly describes the alternatives that were developed for this
study. The plan formulation charette resulted in formulation of seven alternatives, five of which
were carried forward. Six action alternatives were eventually developed to address the flooding
concerns in the Winslow area. Later in the plan formulation process, four additional action
alternatives were developed. Hydraulic analysis was completed to analyze six conveyance
measures with the intention of increasing flow conveyance under the BNSF Railroad Bridge to
decrease the flooding impacts at this location. The selected conveyance measure was included in
the four additional structural alternatives described in Section 10.11.

9.1 Plan Formulation Charette and General Objectives

A plan formulation charette workshop was held in Winslow, Arizona on 29-31 May 2012. The
primary purpose of the charette was to use this collaborative process to expedite plan formulation
for the preliminary array of alternatives. The charette was a forum to discuss problems,
opportunities, and constraints for use in the plan formulation as well as to identify study
objectives, alternatives, and associated measures for further analysis.

The main objectives of the study are to reduce the public safety and health risk to the Winslow
community due to historical flooding and to reduce the risk of damages due to flooding in the
City of Winslow and surrounding areas. The local objective is to provide a levee system that is
capable of being accredited by FEMA for the 1% ACE or “100-year” flood event. The interest in
supporting such a plan is to eliminate the City of Winslow and surrounding communities from
the “100-year floodplain.”

Teams in the charette were asked to identify both structural and nonstructural measures to
address the problems and opportunities and to meet the objectives. The measures developed
looked at nonstructural measures such as elevating homes, in-channel measures such as
channelization, and levee measures such as new and setback levee segments.

After measures were developed, preliminary alternatives were formulated based on the structural
and nonstructural measures. Seven preliminary action alternatives were developed during the
charette, including rehabilitation of the Winslow Levee, new levee construction near existing
alignment, realignment and setback of the levee, construction of a new levee parallel to 1-40 with
floodgates at underpasses, upstream detention, channelization of the Little Colorado River, and
nonstructural measures north of 1-40. The seven preliminary alternatives were evaluated based
on completeness, effectiveness, efficiency, acceptability, and preliminary cost. A summary of the
measures and alternatives developed during the charette can be found in the Little Colorado
River at Winslow, Arizona Post Charette Report (Reference S).

Two alternatives were screened out during the charette including upstream detention and
channelization of the Little Colorado River. The alternatives were screened out due to various
reasons, including environmental impacts from channelization or dam construction and increased
flooding downstream.
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Five alternatives were carried forward including rehabilitation of the Winslow Levee, new levee
construction near existing alignment, realignment and setback of the levee, nonstructural
measures, and construction of a new levee parallel to 1-40 with floodgates at underpasses. The
four structural alternatives carried forward from the charette included various combinations of
either levee rehabilitation and/or new levee alignments and were carried forward for hydraulic
analysis (Alternatives 1.1, 3.1, 8, and 10).

The nonstructural alternative included nonstructural measures north of 1-40 without any levee
improvements (Alternatives 7). The nonstructural measures that were carried forward from the
plan formulation charette included the following: an improved flood warning system and/or
elevating homes.

9.2 With-Project Alternatives

The with-project alternatives that were analyzed as part of this study are listed below and
described in Section 10.0. The levee alternatives (Alternatives 1.1, 3.1, 8, and 10) were designed
to provide 1% ACE flood protection for the City of Winslow with a levee freeboard of 3 feet in
lieu of risk and uncertainty at this point and to meet the objectives regarding flood risk reduction.
To compare the four levee alternatives, 1% ACE flood protection plus three feet freeboard was
selected for the levee heights. Levee optimization was completed for Alternative 10. The
alternatives for this study include the following:

e Alternative 1.1 — Rebuild Levees, New Levee Parallel to 1-40, Conveyance
Improvements

e Alternative 3.1 - Setback Levees, Rebuild Levees, New Levee Parallel to 1-40,
Conveyance Improvements

e Alternative 7 — Nonstructural Measures North of 1-40, No Levee or Conveyance
Improvements

e Alternative 8 — Rebuild Levees, Setback Levee, New Levee Parallel to 1-40, Conveyance
Improvements

e Alternative 9 — Levee Increment 1 - Rebuild RWDL at Existing Height, No Conveyance
Improvements, Nonstructural Measures North of 1-40

e Alternative 10 — Levee Increments 1 & 2, Rebuild & Setback Levees (ending at hydraulic
river station 320+00), Conveyance Improvements and Nonstructural Measures North of
I-40 (Note: Alternative 10 includes 4 optimization alternatives discussed in Section
10.11)

e Alternative 11: No Action

All alternatives include non-structural measure of a flood warning system. Four of the six with-
project alternatives include “conveyance improvements” under BNSF Railroad Bridge.
Additional hydraulic analysis was completed to evaluate six conveyance measures that would
decrease the water surface elevation (WSE) at the BNSF Railroad Bridge in an attempt to
prevent overtopping of the railroad bridge and the Winslow Levee. Section 10.11 provides more
information.
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10.0 HYDRAULIC ANALYSIS OF WITH-PROJECT ALTERNATIVES

10.1 Introduction to Modeling Procedures

This section describes the hydraulic analysis for the present with-project condition. A one
dimensional steady flow model was developed using HEC-RAS version 4.2 beta July 2013. It
was also used to run the baseline condition sediment transport analysis. HEC recommended that
HEC-RAS version 4.2 beta be used for the sediment transport analysis, since the beta version
included a few bug fixes from version 4.1.

HEC-GeoRAS was applied to assist the HEC-RAS model development. Water surface profiles
were developed for the 50%, 20%, 10%, 4%, 2%, 1%, 0.5%, and 0.2% ACE floods for the six
alternatives and the four optimization alternatives described in the following sections.

The HEC-RAS model parameters in regards to cross-sections, Manning’s n-values, bridges, flow
regime, and boundary condition are the same as described in Section 5.3. The assigned
Manning’s n-values for the with-project model do vary from the without-project model in some
locations, such as in locations that were previously on the land side of the levee but for an
alternative now reside on the river side. The Manning’s n-value in these locations was updated to
match current designations on the river side of the levee in the surrounding area.

10.2 Hydraulic Design

10.2.1 Conveyance Improvements at BNSF Railroad Bridge

Four of the six with-project alternatives mentioned above include conveyance improvements
under BNSF Railroad Bridge. The four optimization alternatives also include the conveyance
improvements. Hydraulic analysis was completed to evaluate six conveyance measures that
would decrease the WSE at the BNSF Railroad Bridge in an attempt to prevent overtopping of
the railroad bridge and the Winslow Levee. The conveyance measures discussed included
excavating and widening the channel, removing saltcedar, lining a portion of the river bottom
with concrete, extending the railroad bridge opening, and installing culverts on either side of the
railroad bridge. See Attachment 5 for a detailed description of the conveyance measures
considered.

HEC-RAS was used to analyze the various measures, and each measure includes saltcedar
removal in some capacity. The roughness of the saltcedar is so high, without its removal, water
from the 1% ACE flood event would not be able to convey under the BNSF Railroad Bridge,
even if other conveyance improvements were implemented. Extending the bridge opening and
installing culverts were two measures that were considered but not modeled as part of this
analysis due to BNSF Railroad concerns. The purpose of the conveyance measures analysis was
to increase capacity at the BNSF Railroad Bridge in order to decrease the WSE at the Winslow
Levee upstream from the bridge. The measures were intended to convey the 1% ACE flood
(69,200 cfs).

The selected conveyance measure was Conveyance Measure C. For the additional Conveyance
Measures considered, see the attached Attachment 5. Measure C includes the excavation and
widening of the channel bottom from approximately 1,000 feet upstream from the BNSF
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Railroad Bridge at hydraulic river station 540+00 to approximately 1,000 feet downstream from
the SR 87 Bridge at hydraulic river station 515+00. This reach extends approximately 2,500 feet
and includes excavation and widening of the LCR. No attempt was made to deepen the channel
throughout the reach. The excavation and widening of the channel begins at hydraulic river
station 540+00. The width of the excavated channel varies from 200 feet at hydraulic river
station 540+00 to 650 feet at the BNSF Railroad Bridge (529+39.3). Downstream from the
BNSF Bridge, the channel maintains a width of approximately 650 feet through the SR 87
Bridge. Downstream from the SR 87 Bridge, the channel width varies from 650 feet to 200 feet
at hydraulic river station 515+00. The excavation area is approximately 26 acres. This measure
includes the removal of approximately 96 acres of saltcedar throughout the reach.

Analysis regarding the expected geomorphic response was not conducted for the channel
modification, and it is recommended that geomorphic analysis be conducted during the PED
phase.

10.2.2 Levee Height Overview

The structural alternatives (Alternatives 1.1, 3.1, 8, and 10) include rebuilding levee segments or
constructing new levee segments. The levee heights for these alternatives are based on the water
surface profile for the 1% ACE flood. Engineer Circular 1110-2-6067 (Reference J) was used to
determine the required levee height above the water surface (freeboard). From R&U analysis,
three feet of additional levee height was used to increase the assurance that the specified flood
could be contained. The alternatives discussed in this section use three feet of additional levee
height for the hydraulic analyses; however, further economic analysis indicated that an additional
levee height of 3.3 feet would be required for Alternative 10.1 to meet the requirement of 90%
CNP. Table 13 provides the average and maximum change in levee heights for reaches along the
levee system for each of the alternatives.

The increase in levee height is the difference in the levee height for each alternative compared to
the existing levee height. All stationing provided in the table corresponds to the HEC-RAS
model stationing. Alternative 7 did not include additional levee height as this alternative dos not
include any levee improvements. Alternative 9 includes rebuilding the RWDL at existing height
and does not include additional levee height based on risk and uncertainty analysis.

10.2.3 Slope Protection Overview

Riprap is broken stone that interlocks when properly placed to resist erosion by rising river flows
and utilizing strength from its mass and its interlocking ability. Grouted stone is similar to riprap
but its strength and erosion resistance comes from the grout and stone placement. The stone used
for grouted stone protection is sized and placed differently than riprap to assure interconnected
void space, which allows extensive grout penetration.

Chapter 3, Riprap Protection, from Engineer Manual 1110-2-1601 (Reference T), Hydraulic
Design of Flood Control Channels, was used in the riprap protection analysis. CHANLPRO,
Version 2.0 was also used in the analysis.
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Slope protection recommendations along the river side of the levee are provided in Table 14. The
table indicates whether riprap, soil cement, or grouted stone is recommended for each reach. The
reaches that specify soil cement slope protection can have grouted stone slope protection.

10.3 With-Project Alternatives

The six original with-project condition action alternatives were considered for this analysis. All
alternatives described below were modeled using HEC-RAS with the exception of Alternative 11
which is the “No Action” Alternative. Alternative 11 is the same as the baseline condition.

The following sections describe the with-project alternatives. Some of the alternatives include
raising the levee (increasing the levee elevations above the existing levee elevations). A detailed
scour analysis has not been completed, so the current design assumes scour depths and has toe-
down depths that range from 10-15 feet.

10.4 Alternative 1.1 — Rebuild Levees, New Levee Parallel to 1-40, Conveyance
Improvements

10.4.1 Alternative Description

Alternative 1.1 includes rebuilding the Winslow Levee and the eastern end of the Ruby Wash
Diversion Levee along their current alignments, constructing a new levee parallel to 1-40, and
improving the conveyance under the BNSF Railroad Bridge. This alternative provides flood
damage reduction to the City of Winslow, Bushman Acres, and the area near the WWTP. It also
provides flood damage reduction to 1-40, SR 87, and the BNSF Railroad west of the LCR. Plate
27 shows the features of Alternative 1.1 and the 1% ACE floodplain.

10.4.2 Slope Protection

Table 14 presents the slope protection recommendations for this alternative which include riprap
and soil cement/grouted stone. The slope protection recommendations for Alternative 1.1 are
separated into 8 reaches. The riprap slope protection includes six reaches with 24-inch or 42-inch
riprap. There are two reaches near the south and north impingement locations that require soil
cement or grouted stone. Plate 4 shows two of the three impingement locations along the
Winslow Levee.

10.5 Alternative 3.1 — Setback Levees, Rebuild Levees, New Levee Parallel to 1-40,
Conveyance Improvements

10.5.1 Alternative Description

Alternative 3.1 includes rebuilding part of the Winslow Levee along its current alignment,
setting back part of the Winslow Levee, removing the original Winslow Levee in the setback
areas, rebuilding the eastern end of the RWDL along its current alignment, constructing a new
levee parallel to 1-40, and improving conveyance under the BNSF Railroad Bridge. This
alternative provides flood damage reduction to the City of Winslow, Bushman Acres, and the
area near the WWTP. It also provides flood damage reduction to 1-40, SR 87, and the BNSF
Railroad west of the LCR. This alternative provides similar protection to the City of Winslow as
Alternative 1.1; however, it does flood additional area due to the setback levees. Plate 28 shows
the features of Alternative 3.1 and the 1% ACE floodplain.
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10.5.2 Slope Protection

Table 14 presents the slope protection recommendations for this alternative which include riprap
and soil cement/grouted stone. The slope protection recommendations for Alternative 3.1 are
separated into 7 reaches. The riprap slope protection includes six reaches with 24-inch or 42-inch
riprap. There are two reaches near the south and north impingement locations that require soil
cement or grouted stone.

10.6 Alternative 7 — Nonstructural Measures North of 1-40; No Levee or Conveyance
Improvements

10.6.1 Alternative Description

Alternative 7 employs nonstructural flood risk management measures for residences located
north of 1-40 only. The nonstructural measures include: an improved flood warning system and
raising structures.

This alternative does not include any levee or conveyance improvements. Nonstructural
measures would be used to reduce the risk of flooding for this alternative. Plate 29 shows the
features of Alternative 7 and the 1% ACE floodplain.

For this alternative, the Winslow Levee is not raised or rebuilt and does not include any
additional slope protection recommendations. This alternative does not include any
improvements to the RWDL.

10.7 Alternative 8 — Rebuild Levees, Setback Levee, New Levee Parallel to 1-40,
Conveyance Improvements

10.7.1 Alternative Description

Alternative 8 includes rebuilding most of the Winslow Levee along its current alignment, setting
back a short segment of the Winslow Levee directly west of the Homolovi | Pueblo, removing
the original Winslow Levee in the setback area, rebuilding the eastern end of the RWDL,
constructing a new levee parallel to 1-40, and improving conveyance under the BNSF Railroad
Bridge. This alternative was specifically designed to provide adequate freeboard to meet FEMA
levee accreditation requirements. This alternative provides flood damage reduction to the City of
Winslow, Bushman Acres, and Ames Acres. It also provides flood damage reduction to 1-40, SR
87, and the BNSF Railroad west of the LCR. This alternative provides similar protection to the
City of Winslow as Alternative 1.1; however, it does flood additional area due to the setback
levee near the southern impingement location. Plate 30 shows the features of Alternative 8 and
the 1% ACE floodplain.

10.7.2 Slope Protection
The slope protection for this alternative is similar to Alternative 1.1.
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10.8 Alternative 9 — Levee Increment 1 — Rebuild RWDL at Existing Height, No
Conveyance Improvements, Nonstructural Improvements North of Interstate 40

10.8.1 Alternative Description

This alternative includes rebuilding the eastern end of the RWDL at its existing height without
improvements to the Winslow Levee, as well as employing nonstructural flood risk management
measures for residences located north of 1-40. Nonstructural measures are described in Section
10.6.1. This alternative would reduce the risk of flooding for floods up to the 2.7% ACE flood
(36-year) discharge of 44,780 cfs. It does not include any conveyance improvements.
Nonstructural measures would be used to reduce the risk of flooding for this alternative. Plate 31
shows the features of Alternative 9 and the 1% ACE floodplain.

For this alternative, the Winslow Levee was not raised or rebuilt. However, this alternative does
include rebuilding the RWDL at existing height.

10.9 Alternative 10 — Levee Increments 1&2, Rebuild and Setback Winslow Levee,
Rebuild RWDL, and Conveyance Improvements, and Nonstructural Measures North
of 1-40

10.9.1 Alternative Description

Alternative 10 includes rebuilding the Winslow Levee from the RWDL downstream to a point
0.8 miles north of North Road (hydraulic river station 320+00), no improvements to the Winslow
Levee downstream of hydraulic river station 320+00 (as part of the federal project), setting back
a short segment of the Winslow Levee across the LCR from the Homolovi | Pueblo, removing
the original Winslow Levee in the setback area, rebuilding the eastern end of the RWDL,
constructing a new levee parallel to 1-40, improving conveyance under the BNSF Railroad
Bridge, and employing nonstructural measures for residences downstream of North Road.
Alternative 10 would provide structural measures to address the flood risk for the most densely
developed portions of Winslow, with the use of nonstructural measures to reduce the risk further
downstream. Plate 32 shows the features of Alternative 10 and the 1% ACE floodplain.

10.9.2 Slope Protection

Table 14 presents the slope protection recommendations for this alternative which include riprap
and soil cement/grouted stone. The slope protection recommendations for Alternative 10 are
separated into 6 reaches. The riprap slope protection includes five reaches with 24-inch or 42-
inch riprap. There is one reach near the south river impingement location that requires soil
cement or grouted stone.

10.10 Alternative 11 — No Action

The no action alternative is synonymous with the without-project baseline condition. No federal
action would be undertaken to address the flood risk for the Winslow community. With the “No
Action Alternative”, the flood risk in the Winslow area is expected to remain essentially
unchanged over the next 50 years.
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10.11 Optimization of Alternative 10

Optimization of Alternative 10 was performed using 4%, 2%, 1%, and 0.5% ACE floods. The
purpose of the optimization was to select the alternative and design frequency that provides the
maximum benefit with consideration of the non-federal sponsor’s preferences. Alternative 10.1
(1% ACE flood) was selected as the tentatively selected plan even though Alternative 10.4 (0.5%
ACE flood) has greater net benefits. Alternative 10.1 provides the non-federal sponsor’s desired
maximum level of protection, features levee improvements designed to meet FEMA’s flood
insurance requirements, and has a greater net benefit than Alternatives 10.2 and 10.3.

Analysis was completed for the optimization of the Winslow Levee height for with-project
Alternative 10. In addition, the elevation of residences was screened out for these optimized
alternatives, since that measure was determined not efficient through later additional
calculations. The additional hydraulic analysis was completed using Alternative 10 as a basis for
design and included removing the nonstructural measures from the design. The following
alternatives were developed during the optimization of levee heights for the respective flood
frequencies.

Alternative 10.1 — 1% ACE Flood
Alternative 10.2 — 4% ACE Flood
Alternative 10.3 - 2% ACE Flood
Alternative 10.4 — 0.5% ACE Flood

e o o

Each optimization alternative resulted in a different water surface profile which was used to
obtain levee heights for the Winslow Levee and RWDL. The levee heights for the Winslow
Levee and RWDL for were set based on water surface profile computations using HEC-RAS.
Three feet of additional levee height is included for each of the optimization alternatives to
increase the assurance that the specified flood could be contained based on R&U analysis for
Alternatives 10.1, 10.2, 10.3, and 10.4. The additional levee height that would be required for
Alternative 10.1 is 3.3 feet based on economic analysis in order to get a CNP of 90%.

Table 13 provides the average and maximum change in levee heights for reaches along the levee
system for each of the alternatives.

10.11.1 Risk and Uncertainty

R&U analyses were completed for each of the optimization alternatives and interior-exterior
functions were provided to Economics Section of the Planning Division for USACE for analysis.
Interior water surface elevations correspond to the water surface on the land side of the levee
when the levee becomes overtopped or fails. Exterior water surface elevations correspond to the
water surface on the river side of the levee before overtopping or failure.

R&U analyses were performed for Alternatives 10.1, 10.2, 10.3, and 10.4 using procedures in
EM 1100-2-1619 (Reference Q) and ER 1105-2-101 (Reference R). These documents discuss
uncertainties associated with various elements of the design, including discharge-probability,
stage-discharge, and structural and geotechnical performances, as well as methodologies to
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quantify these uncertainties. The R&U procedures for the optimization alternatives are consistent
with the procedures discussed in Section 8 of this appendix.

10.11.2 Alternative 10.1 — Levee Height based on 1% ACE

The levee heights for Alternative 10.1 are based on the water surface profiles for the 1% ACE
flood. Alternative 10.1 includes the conveyance measure from Alternative 10 (described in
Section 10.2.1). It includes excavation and widening of the channel bottom from approximately
1,000 feet upstream from the BNSF Railroad Bridge at hydraulic river station 540+00 to
approximately 1,000 feet downstream from the SR 87 Bridge at hydraulic river station 515+00.
This reach extends approximately 2,500 feet. Plate 33 shows the features of Alternative 10.1 and
the 1% ACE floodplain. Plate 34 shows a detailed view of the conveyance measure for
Alternative 10.1. See Section 10.2.1 for more information regarding the conveyance measure
used for Alternative 10.1.

Table 14 presents the slope protection recommendations for this alternative which include riprap
and soil cement/grouted stone. The slope protection recommended for this alternative is the same
as Alternative 10 (See Section 10.9.3)

10.11.3 Alternative 10.2 — Levee Height based on 4% ACE

The levee heights for Alternative 10.2 are based on the water surface profiles for the 4% ACE
flood. The alternative does not include additional conveyance beneath the BNSF and SR 87
Bridges as the BNSF Railroad Bridge has the capacity to convey the 4% ACE flood event
without overtopping. The channel and overbank areas would remain in the baseline condition
with no added excavation or widening of the channel bottom. This measure does not include
removal of saltcedar. See Plate 35 for a detailed map of Alternative 10.2.

The slope protection recommended for this alternative is the same as Alternative 10 (See Section
10.9.3).

10.11.4 Alternative 10.3 — Levee Height based on 2% ACE

The levee heights for Alternative 10.3 are based on the water surface profiles for the 2% ACE
flood. The alternative includes the same conveyance measure and saltcedar removal as discussed
in Alternative 10.1 (See Section 10.2.1). See Plate 36 for a detailed map of Alternative 10.3.

The slope protection recommended for this alternative is the same as Alternative 10 (See Section
10.9.3).

10.11.5 Alternative 10.4 — Levee Height based on 0.5% ACE

The levee heights for Alternative 10.4 are based on the water surface profiles from the 0.5%
ACE flood. The alternative includes a larger conveyance measure than Alternatives 10.1 and
10.3. It includes excavation and widening of the channel bottom from approximately 2,000 feet
upstream from the BNSF Railroad Bridge at hydraulic river station 550+00 to approximately
2,400 feet downstream from the 1-40 westbound bridge at hydraulic river station 480+00. This
excavation and widening extends approximately 7,000 feet along the LCR. No attempt was made
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to deepen the channel below the existing thalweg throughout the reach. See Plate 37 & 38 for a
detailed map of Alternative 10.4.

The excavation and widening of the channel begins at hydraulic river station 550+00. The width
of the excavated channel varies from 200 feet at hydraulic river station 550+00 to 650 feet at the
BNSF Railroad Bridge (529+39.3) to 600 feet beneath the 1-40 Bridges. Downstream from the I-
40 Bridges, the channel decreases to a width of approximately 150 feet at hydraulic river station
480+00. The excavation area is approximately 81 acres. This measure includes the removal of
approximately 74 acres of saltcedar throughout the reach.

The slope protection recommended for this alternative is the same as Alternative 10 (See Section
10.9.3).
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11.0 HYDRAULIC ANALYSIS AND RESULTS

11.1 HEC-RAS Floodplain Analysis (Assuming No Levee failure)

The 1% ACE flood was modeled for with-project alternatives to compare with the baseline
condition. The six alternatives and the four optimization alternatives include measures that
reduce the flood risk along the LCR, including at the Homolovi | Pueblo. The following sections
comparing the with-project alternative water surface profiles to the baseline condition. Table 16
shows the comparison of WSE and flow velocity for the various alternatives compared to the
baseline condition. All comparisons to the baseline condition using HEC-RAS are using Model 3
as discussed in Section 5.1. Model 3 simulates the water surface elevation on the riverside of the
levee before overtopping/ probability of failure occurs. It doesn’t take into account the
probability of failure based on the levee fragility curve which was discussed in Section 8.3.

11.1.1 Alternative 1.1

The 1% ACE flood for Alternative 1.1 does not overtop the Winslow Levee or the RWDL.
However, at the end of the rebuilt Winslow Levee, flows flank the landside of the levee before
moving downstream. There are no structures within the affected area, but the floodplain
boundary is very close to a few residents and outbuildings. The floodplain for the 1% ACE flood
does inundate a portion of the Homolovi | Pueblo area. See Plate 27 for the 1% ACE floodplain
for Alternative 1.1.

Table 16 shows the comparison of WSE and flow velocity for Alternative 1.1 compared to the
baseline condition. The LCR was broken into five reaches for comparison purposes. Alternative
1.1 shows an average decrease in WSE upstream from the BNSF Railroad of 2.3 feet due to the
conveyance measure. The flow velocity in this reach increased compared to the baseline
condition. At the Homolovi I Pueblo, this alternative has an average decrease in WSE of 0.1 feet.

11.1.2 Alternative 3.1

The 1% ACE flood for Alternative 3.1 does not show flooding caused by overtopping or failure
of the Winslow Levee. However, at the end of the rebuilt Winslow Levee, flows flank the
landside of the levee before moving downstream. There are no structures within the affected
area, but the floodplain boundary is very close to a few residents and outbuildings. Due to the
setback of the Winslow Levee, some properties are affected by the floodplain for this alternative.
There are two setback locations for this alternative. The southern setback extends from hydraulic
river station 475+00 to 410+00, increasing the flow width in this reach by as much as 2,300 feet
to the west. The northern setback extends from hydraulic river station 405+00 to 320+00,
increasing the flow width in this reach by as much as 1,500 feet to the west. The northern setback
is directly west from the Homolovi | Pueblo, but the floodplain for the 1% ACE flood does
inundate a portion of the Homolovi | Pueblo area. See Plates 28 and 39 for the 1% ACE
floodplain for the study area and Homolovi | Pueblo area, respectively for Alternative 3.1.

Table 16 shows the comparison of WSE and flow velocity for Alternative 3.1 compared to the
baseline condition. The LCR was broken into five reaches for comparison purposes. Alternative
3.1 shows an average decrease in WSE upstream from the BNSF Railroad of 2.4 feet due to the
conveyance measure. The flow velocity in this reach increased compared to the baseline
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condition. At the Homolovi | Pueblo, this alternative has an average decrease in WSE of 0.7 feet.
See Plate 39 for the floodplain comparison.

11.1.3 Alternative 7

The floodplain for the 1% ACE flood for Alternative 7 is the same as the baseline condition as
Alternative 7 does not include any structural or conveyance improvements to the Winslow
Levee. See Plate 29 for the 1% ACE floodplain for Alternative 7. Alternative 7 shows no change
in WSE or velocity compared to the baseline condition.

11.1.4 Alternative 8

The 1% ACE flood for Alternative 8 does not show flooding caused by overtopping or failure of
the Winslow Levee. However, at the end of the rebuilt Winslow Levee, flows flank the landside
of the levee before moving downstream. There do not seem to be any structures affected in this
area. Also, no properties seem to be affected due to the small setback of the Winslow Levee.
The setback extends from hydraulic river station 400+00 to 365+00, increasing the flow width in
this reach by as much as 500 feet to the west. The setback is directly west from the Homolovi |
Pueblo, but the floodplain for the 1% ACE flood does inundate a portion of the Homolovi |
Pueblo area. See Plates 30 and 39 for the 1% ACE floodplain for the study area and Homolovi |
Pueblo area, respectively for Alternative 8.

Table 16 shows the comparison of WSE and flow velocity for Alternative 8 compared to the
baseline condition. The LCR was broken into five reaches for comparison purposes. Alternative
8 shows an average decrease in WSE upstream from the BNSF Railroad of 2.3 feet due to the
conveyance measure. The flow velocity in this reach increased compared to the baseline
condition. At the Homolovi I Pueblo, this alternative has an average decrease in WSE of 0.2 feet.
See Plate 39 for the floodplain comparison.

11.1.5 Alternative 9

The floodplain for the 1% ACE flood for Alternative 9 is the same as the baseline condition as
Alternative 9 does not include any structural or conveyance improvements to the Winslow
Levee. Alternative 9 does include rebuilding the RWDL at the existing height, but the levee in
this reach still becomes overtopped for the 1% ACE flood, causing flooding similar to the
baseline condition. This alternative does not include conveyance improvements at the BNSF
Railroad Bridge, which causes flows to attenuate at the bridge and overtop the levee upstream for
the 1% ACE flood. See Plate 31 for the 1% ACE floodplain for Alternative 9. Alternative 9
shows no change in WSE or velocity compared to the baseline condition.

11.1.6 Alternative 10

The 1% ACE flood for Alternative 10 does not show flooding caused by overtopping or failure
of the Winslow Levee. However, at the end of the rebuilt Winslow Levee (station 320+00 for
this alternative), flows could flank the landside of the levee before moving downstream if the
levee overtops/failures in the unimproved levee segment.

There are some structures affected in this area, but since this area is in the baseline conditions
floodplain, flooding to this area would not be considered induced flooding when compared to the
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baseline condition analysis. The floodplain for the 1% ACE flood does inundate a portion of the
Homolovi | Pueblo area. See Plates 32 and 39 for the 1% ACE floodplain for the study area and
Homolovi | Pueblo area, respectively for Alternative 10. Alternative 10 has the same WSE and
velocities as Alternative 8, including at the Homolovi | Pueblo. See Section 11.1.4 for
discussion.

11.1.7 Alternative 10.1

The 1% ACE flood for Alternative 10.1 is the same as for Alternative 10. Alternative 10.1 does
not include elevating residences like Alternative 10 which does not affect the floodplain. The
floodplain for the 1% ACE flood does inundate a portion of the Homolovi | Pueblo area. See
Plates 33 and 40 for the 1% ACE floodplain for the study area and Homolovi | Pueblo area,
respectively for Alternative 10.1.

The 1% ACE flood, which has a discharge of 69,200 cubic feet per second (cfs) along the LCR
near Winslow, was chosen as the design event for the eventual TSP. Under the no levee failure
scenario, the water surface elevation at the Homolovi | Pueblo is decreased for Alternative 10.1
compared to the baseline condition 1% ACE flood as a result of the setback levee. The water
surface elevation decreases by approximately 0.2 feet (4852.4 feet for the baseline condition 1%
ACE flood and 4852.2 feet for Alternative 10.1) near the Homolovi | Pueblo. The average flow
velocity in the reach near the Homolovi | Pueblo slightly decreases 0.5 fps from 4.2 fps from the
baseline condition to 3.7 fps for Alternative 10.1 due to the increase in conveyance and the
setback levee. See Plates 52 and 53 for a maps showing the 1% ACE floodplains near the
Homolovi | Pueblo.

11.1.8 Alternative 10.2

The 4% ACE flood for Alternative 10.2 does not show flooding caused by overtopping or failure
of the Winslow Levee. The floodplain for the 4% ACE flood does inundate a portion of the
Homolovi | Pueblo area. See Plates 35 and 40 for the 4% ACE floodplain for the study area and
Homolovi | Pueblo area, respectively for Alternative 10.2.

Table 16 shows the comparison of WSE and flow velocity for Alternative 10.2 (4% ACE flood)
compared to the baseline condition (4% ACE flood). The LCR was broken into five reaches for
comparison purposes. Alternative 10.2 shows no change in the WSE upstream from the BNSF
Railroad. At the Homolovi | Pueblo, Alternative 10.2 shows a decrease in WSE from the
baseline condition (4% ACE) of approximately 0.1 feet. See Plate 40 for the floodplain
comparison at Homolovi | Pueblo.

11.1.9 Alternative 10.3

The 2% ACE flood for Alternative 10.3 does not show flooding caused by overtopping or failure
of the Winslow Levee. The floodplain for the 2% ACE flood does inundate a portion of the
Homolovi | Pueblo area. See Plates 36 and 40 for the 2% ACE floodplain for the study area and
Homolovi | Pueblo area, respectively for Alternative 10.3.

Table 16 shows the comparison of WSE and flow velocity for Alternative 10.3 (2% ACE flood)
compared to the baseline condition (2% ACE flood). The LCR was broken into five reaches for
comparison purposes. Alternative 10.3 shows an average decrease in WSE upstream from the

49
U.S. Army Corps of Engineers April 2016



BNSF Railroad of 3.2 feet due to the conveyance measure. The flow velocity in this reach
increased compared to the baseline condition as the bridge is no longer forcing the flow to
attenuate behind the bridge. At the Homolovi | Pueblo, this alternative has an average decrease
in WSE of 0.1 feet. See Plate 40 for the floodplain comparison at Homolovi | Pueblo.

11.1.10 Alternative 10.4

The 0.5% ACE flood for Alternative 10.4 does not show flooding caused by overtopping or
failure of the Winslow Levee. However, at the end of the rebuilt Winslow Levee (hydraulic river
station 320+00 for this alternative), the river flow travels over the levee and travels upstream
(south) approximately 3,000 feet. There are some structures affected in this area.

The floodplain for the 0.5% ACE flood does inundate a portion of the Homolovi | Pueblo area.
See Plates 37 and 40 for the 1% ACE floodplain for the study area and Homolovi | Pueblo area,
respectively for Alternative 10.

The 0.5% ACE flood, which has a discharge of 90,660 cfs along the LCR near Winslow, was
chosen as the design event for the Alternative 10.4. The water surface elevation at the Homolovi
I Pueblo is decreased for Alternative 10.4 compared to the baseline condition (0.5% ACE flood).
The water surface elevation decreases by approximately 0.2 feet (4854 feet for the baseline
condition 0.5% ACE flood and 4853.8 feet for Alternative 10.4) near the Homolovi | Pueblo.

The average flow velocity in the reach near the Homolovi | Pueblo slightly decreases
approximately 0.7 fps from 4.8 fps for the baseline condition to 4.1 fps for Alternative 10.4 due
to the increase in conveyance and the setback levee. See Plates 54 and 55 for a maps showing the
0.5% ACE floodplains near the Homolovi I Pueblo.

11.1.11 Comparison Summary using HEC-RAS

The baseline condition water surface elevation is consistently at or above the water surface
elevations upstream from the BNSF Railroad Bridge and at the Homolovi | Pueblo for the four
structural with-project alternatives (1.1, 3.1, 8, and 10). The baseline condition water surface
elevation is consistently at or above the water surface elevations upstream from the BNSF
Railroad Bridge and at the Homolovi | Pueblo for alternatives (10.1, 10.2, 10.3, and 10.4). Under
the no levee failure scenario, the alternatives have no adverse flooding when compared with the
baseline condition; including at the Homolovi | Pueblo location (see Plates 39 and 40).

Each of the structural alternatives that have conveyance improvements at the BNSF railroad
Bridge show increased river velocities in that area of the river. The increased velocities could
pose a potential to increase scour in the bridge area. The increase in river velocity for the
alternatives compared to the baseline condition is likely due to the increased conveyance beneath
BNSF Railroad Bridge which not only provides increased capacity but also alleviates backwater
behind the bridge.

11.1.12 Impacts from 0.5% ACE and 0.2% ACE floods

For the structural alternatives, there are no significant changes to the 0.5% ACE and 0.2% ACE
floodplains when compared to the baseline condition. Both the 0.5% and the 0.2% ACE floods
result in overtopping of the BNSF Railroad Bridge which causes water to flow west along the
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BNSF Railroad towards the City of Winslow. Significant flooding could occur due to the
overtopping of the BNSF Railroad Bridge. For Alternative 10.4, there is no significant change
for the 0.2% ACE flood when compared to the baseline condition analysis.

11.2 FLO-2D Floodplain Analysis and Comparison to Baseline Condition (Assuming
Levee Failure)

11.2.1 Review of Baseline Condition FLO-2D Analyses

For the baseline condition FLO-2D simulation runs (See Section 6), five different scenarios of
levee simulations were assumed. The simulation results were compared to the HEC-RAS
hydraulic model results for the compatibility of the two models. The FLO-2D analyses account
for volume conservation whereas the HEC-RAS hydraulic model does not.

The five FLO-2D modeling scenarios are as follows:

e Scenario 1: Assumes that LCR flows are contained by the levee.

e Scenario 2: Assumes that the levee fails totally.

e Scenario 3: Assumes that the levee fails at four different locations due to impingement
and piping failures. (See Plate 21 for failure locations)

e Scenario 4: Assumes that the levee fails due to impingement near the SR 87 Bridge area.
(See Plate 24 for failure locations)

e Scenario 5: Assumes that the levee fails at three locations downstream of the Bushman
Acres community. (See Plate 25 for failure locations)

Scenario 1 is similar to the HEC-RAS analysis which modeled the maximum water surface
elevation on the riverside of the levee before levee overtopping/failure. The Scenarios 3, 4, and 5
take into account the probability of levee failure by modeling piping and/or impingement failure
locations. Scenarios 3, 4, and 5 do not have the assumption that the water surface elevations on
the river-side of the levee reach the maximum level before failure occurs.

The baseline condition shows flooding in the Homolovi | Pueblo area for each of the four
scenarios. The 1% ACE flow depth at Homolovi | Pueblo is the following:

Scenario 1 (levee remains — no failure) - 5.1 feet

Scenario 3 (4 levee failure locations) - 4.4 feet

Scenario 4 (levee failure upstream near State Route 87 Bridge) - 4.5 feet

Scenario 5 (levee failure downstream of Bushman Acres) - 4.9 feet.

Section 6.5 provides further discussion regarding the baseline condition FLO-2D analyses. See
Table 15 for comparisons of the baseline condition hydraulic analyses.

11.2.2 Alternative 3.1

The 1% ACE flood was modeled for Alternative 3.1 using FLO-2D. See Plate 42 for the
resulting floodplain showing maximum flow depths. The FLO-2D with-project analysis for the
1% ACE flood for Alternative 3.1 shows flows overtopping the Winslow Levee at the
downstream end. The breakout expands across the floodplain after the levee overtopping, but
major structures are not in the flow path. The maximum flow depths in this overbank area are 3
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feet. At the Homolovi | Pueblo, the maximum flow depth for the 1% ACE flood is approximately
2.9 feet. The flow depth is approximately 2.2 feet less than the baseline condition which showed
a flow depth of up to 5.1 feet in the Homolovi | Pueblo area. The flow velocity is approximately
3.1 fps in the Homolovi | Pueblo area for Alternative 3.1 compared to 3.4 fps for the baseline
condition.

11.2.3 Alternative 10 & 10.1 Sensitivity Analysis for determination of end of levee

Alternatives 10 and 10.1 were was modeled with FLO-2D to determine the downstream location
along the Winslow Levee that would be the optimal location to end improvements to the
Winslow Levee. A 1% ACE floodplain was developed for five locations along the Winslow
Levee. The goal was to locate where improvements would end based in the floodplain and the
related economic damages. The results of the analyses showed that ending the improvements at
hydraulic river station 320+00 would provide an economically viable alternative and was chosen
as the downstream extent of improvements to the Winslow Levee for Alternatives 10 and 10.1.
See Plate 41 for the floodplain from the FLO-2D analysis.

11.2.4 Alternatives 10 and 10.1

The FLO-2D analyses described in this section refer to Alternatives 10 and 10.1 (Referred to as
Alternative 10/10.1). The 1% ACE floodplain shows flows overtopping the Winslow Levee
approximately 5,000 feet downstream from the southern river impingement at hydraulic river
station 320+00 (See Plate 41). The breakout overflow travels southward towards Winslow for
approximately 3,000 feet. The maximum flow depth in the backwater area (upstream from
hydraulic river station 320+00) is approximately 10 feet. Downstream (north) from hydraulic
river station 320+00, the flows in the overbank reach a maximum flow depth of 5 feet near Ames
Acres.

At the Homolovi | Pueblo, the maximum flow depth for the 1% ACE flood is approximately 4.9
feet (for Alternative 10/10.1). The flow depth decreased approximately 0.2 feet compared to the
baseline conditions FLO-2D model Scenario 1 (levee remains — no failure), which showed a
maximum flow depth of 5.1 feet in the Homolovi | Pueblo area. The decrease in WSE of 0.2 feet
equates to an average decrease (Alternative 10/10.1 vs Scenario 1) in flooded area of 2 feet along
the edge of the floodplain at Homolovi | Pueblo. The flow velocity is approximately 3.2 fps in
the Homolovi | Pueblo area for Alternative 10/10.1 compared to 3.4 fps for the baseline
condition. See Plate 56 for the floodplain comparison at Homolovi | Pueblo. See Table 15.

For Scenarios 3, 4, and 5, which account for the probability of levee failure, the WSE for
Alternative 10/10.1 was at or above the baseline condition WSE for the 1% ACE flood. The
maximum flow depths for Scenarios 3, 4, and 5 are approximately 4.4, 4.5, and 4.9 feet,
respectively. Compared to the baseline condition analyses for Scenarios 3, 4, and 5, the WSE for
Alternative 10/10.1 increases by approximately 0.5, 0.4 and O feet, respectively. The increase in
WSE of 0.5 feet (Alternative 10/10.1 vs Scenario 3 — levee failure) equates to an average
increase in flooded area of 10 feet along the edge of the floodplain at Homolovi | Pueblo. The
flow velocity near Homolovi | Pueblo is approximately 3.1 fps for Scenario 3, 3.2 fps for
Scenario 4, and 3.4 fps for Scenario 5. Alternatives 10 and 10.1 comparatively have an
approximate velocity near Homolovi | Pueblo of 3.2 fps under Scenario 1. See Table 15.
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11.2.5 Other Alternatives

Some with-project alternatives were not modeled individually in FLO-2D; however, the results
would be similar to other analyses as following:

Alternatives 1.1 and 8 would be similar to baseline condition Scenario 1 — no levee
failure due to the levee improvements removing the probability of unsatisfactory
performance of the Winslow Levee. Refer to Table 15 for the floodplain characteristics
for the baseline condition scenario 1.

Alternative 7 would be similar to baseline condition — Scenario 3 — levee failure at four
locations due to the probability of unsatisfactory performance of the Existing Winslow
Levee near the BNSF Railroad Bridge and downstream near the impingement locations.
Refer to Table 15 for the floodplain characteristics for the baseline condition scenario 3.
Alternative 9 would be similar to baseline condition Scenario 5 — levee failure
downstream near the impingement and piping locations. Refer to Table 15 for the
floodplain characteristics for the baseline condition scenario 5.

Alternative 10.2 (4% ACE) would have similar floodplain comparison as Alternative
10.1 and the baseline condition levee failure Scenario 4 due to the probability of
unsatisfactory performance of the Existing Winslow Levee near the BNSF Railroad
Bridge for the 4% ACE flood event. Refer to Table 15 for the floodplain characteristics
for Alternative 10.1.

Alternative 10.3 (2% ACE) would have a similar floodplain comparison as Alternative
10.1 and the baseline condition levee failure Scenario 4 due to the probability of
unsatisfactory performance of the Existing Winslow Levee near the BNSF Railroad
Bridge for the 2% ACE flood event. Refer to Table 15 for the floodplain characteristics
for Alternative 10.1.

Alternative 10.4 (0.5% ACE) would have a similar floodplain comparison as Alternative
10.1 and the baseline condition levee failure Scenario 3 due to the probability of
unsatisfactory performance of the Existing Winslow Levee near the BNSF Railroad
Bridge and near the impingement locations downstream from Homolovi | Pueblo. Refer
to Table 15 for the floodplain characteristics for Alternative 10.1.

See Table 15 for maximum flow depth and comparisons to Alternative 10.1. Table 16 can be
referenced for flow depth comparison for each alternative to the baseline condition for the area
around the bridges. The flow depth comparisons shown in Table 16 were determined using HEC-

RAS.

11.2.6

Potential Flooding Impacts at Homolovi | Pueblo

Compared to the levee failure baseline condition scenarios (3, 4, and 5), Alternative 10 and 10.1
would result in an increase in WSE at Homolovi | Pueblo by up to 0.5 feet and increase the flow
velocity by up to 0.2 fps. Compared to the no levee failure baseline condition scenario (1),
Alternatives 10 and 10.1 would result a decrease is WSE at Homolovi | Pueblo by 0.2 feet.
Under Scenarios 3, 4, and 5, the improved levee in Alternatives 10 and 10.1 would result in a
minor increase in flooding. The difference in WSE between the levee not failing (Scenario 1) and
the levee failing (Scenarios 3-5) is a maximum of 0.7 feet for the baseline condition.
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11.3 Comparison of With-Project Alternatives and Baseline Condition Using Conditional
Non-Exceedance Probabilities

Engineer Circular 1110-2-6067 (Reference J) was used to determine the required levee height
above the water surface (freeboard). Section 3.1.3 provides an overview for the Conditional Non-
Exceedance Probability (CNP) and the levee freeboard. To meet the National Flood Insurance
Program (NFIP) levee system evaluation requirements, a levee must have at least 90% assurance
of excluding the 1% ACE flood for all reaches of the system. For levees, if the top of levee
elevation is less than the FEMA required freeboard above the 1% ACE flood stage, then the
levee can only be in accordance with NFIP levee system evaluation requirements if the assurance
(CNP) is 95% or greater. The top of levee elevation shall not be less than two feet above the 1%
ACE flood elevation, even if assurance is 95% or greater.

Table 17 shows the project performance and the Conditional Non-Exceedance Probabilities for
the baseline condition and the with-project alternatives. These statistics are broken down into the
median and expected annual exceedance probabilities, the long term risk, and the conditional
non-exceedance probabilities by event. The target annual exceedance probability is broken into a
median and expected probability that the levee will be over topped. The long term risk is the
probability that a target stage will be exceeded in a 10, 30 and 50 year period. The Economics
Appendix provides more information and discussion regarding these terms.

The CNP for the 1% ACE will be discussed in the following sections. Index Reaches 1 and 2
(shown on Plate 26) are used in the economic analysis for the damage assessment and project
performance calculations. Index Reach 1 covers the Winslow Area and the upstream portion of
the Winslow Levee to hydraulic river station 350+00. Index Reach 2 begins and hydraulic river
station 350+00 and extends to the end of the existing Winslow Levee at hydraulic river station
170+00.

The CNP for the baseline condition for the 1% ACE flood is 0.072 for Index Reach 1, meaning
that the existing Winslow Levee has a 7.2% assurance or chance of excluding the 1% ACE flood.
The CNP for the baseline condition is 0.506 for Index Reach 2.

11.3.1 Alternative 1.1

The CNP for Alternative 1.1 for the 1% ACE flood is 0.880 for Index Reach 1, meaning that the
existing Winslow Levee has an 88% assurance or chance of excluding the 1% ACE flood. The
CNP for Index Reach 2 is 0.948.

11.3.2 Alternative 3.1

The CNP for Alternative 3.1 for the 1% ACE flood is 0.873 for Index Reach 1, meaning that the
existing Winslow Levee has an 87.3% assurance or chance of excluding the 1% ACE flood. The
CNP for Index Reach 2 is 0.948.

11.3.3 Alternative 7

The CNP for Alternative 7 is the same as the baseline condition described in Section 11.3.
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11.3.4 Alternative 8

The CNP for Alternative 8 for the 1% ACE flood is 0.880 for Index Reach 1, meaning that the
existing Winslow Levee has an 88% assurance or chance of excluding the 1% ACE flood. The
CNP for Index Reach 2 is 0.948.

11.3.5 Alternative 9
The CNP for Alternative 9 is the same as the baseline condition described in Section 11.3.

11.3.6 Alternative 10

The CNP for Alternative 10 for the 1% ACE flood is 0.880 for Index Reach 1, meaning that the
existing Winslow Levee has an 88% assurance or chance of excluding the 1% ACE flood. The
CNP for Index Reach 2 is 0.505.

11.3.7 Alternative 10.1

The CNP for Alternative 10.1 for the 1% ACE flood is 0.880 for Index Reach 1, meaning that
the existing Winslow Levee has an 88% assurance or chance of excluding the 1% ACE flood.
The CNP for Index Reach 2 is 0.505. Alternative 10.1 levee improvements end at hydraulic river
station 320+00, which is in Index Reach 2. It is required that all levee reaches have an assurance
of 90%. For this alternative, it is assumed that Index Reach 1 would extend to hydraulic river
station 320+00 or the end of levee improvements. Alternative 10.1 was formulated assuming that
it would provide at least 90% assurance of containing the 1% ACE event. However, as shown on
these results on Table 17, it only provides an 88% assurance level. Additional analysis was
conducted indicating that 0.3 feet of additional height will increase the assurance to a 90% level
for the 1% ACE event, resulting in a levee height that is 3.3 feet above the water surface profile.

11.3.8 Alternative 10.2

The CNP for Alternative 10.2 for the 1% ACE flood is 0.352 for Index Reach 1, meaning that
the existing Winslow Levee has a 35.2% assurance or chance of excluding the 1% ACE flood.
The CNP for Index Reach 2 is 0.505. Index Reach 1 extends to the end of levee improvements
(hydraulic river station 320+00).

11.3.9 Alternative 10.3

The CNP for Alternative 10.3 for the 1% ACE flood is 0.694 for Index Reach 1, meaning that
the existing Winslow Levee has a 69.4% assurance or chance of excluding the 1% ACE flood.
The CNP for Index Reach 2 is 0.506. Index Reach 1 extends to the end of levee improvements
(hydraulic river station 320+00).

11.3.10 Alternative 10.4

The CNP for Alternative 10.4 for the 0.5% ACE flood is 0.962 for Index Reach 1, meaning that
the existing Winslow Levee has a 96.2% assurance or chance of excluding the 0.5% ACE flood.
The CNP for Index Reach 2 is 0.507. Index Reach 1 extends to the end of levee improvements
(hydraulic river station 320+00).
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12.0 HYDRAULIC ANALYSIS AT HOMOLOVI | PUEBLO

12.1 Homolovi | Pueblo Overview

The Homolovi | Pueblo is an archeological site on the river side of the Winslow Levee that is in
the 1% ACE floodplain. This section includes discussion of measures considered to alleviate the
flooding concern at the Homolovi | Pueblo. Section 5.1 discusses the baseline condition at the
Homolovi | Pueblo. See Plate 43 for the baseline condition 1% ACE floodplain at the Homolovi
I Pueblo compared to the 1993 flood event floodplain (Reference K). Attachment 6 provides
further information regarding the Homolovi Pueblo Hydraulic Analysis.

12.2 Homolovi | Pueblo Flood Risk Reduction Measures

Seven flood risk reduction measures (FRRM) were considered to reduce the flooding impact at
the Homolovi | Pueblo. The alternatives include one or a combination of the following:

removing the existing levee downstream from hydraulic river station 320+00, removing saltcedar
downstream from the Homolovi | Pueblo, setting back the Winslow Levee, channelization
downstream from the Homolovi | Pueblo, and a storage area to capture the peak runoff.

12.2.1 Alternative 10 with Removal of the Winslow Levee downstream from Station 320+00

This alternative (FRRM 1) is based on Alternative 10 (See Section 10.9) but has a key
difference. This measure includes the removal of the Winslow Levee downstream of hydraulic
river station 320+00, which could potentially reduce the water surface elevation (WSE) at the
Homolovi | Pueblo. See Plate 44.

12.2.2 Alternative 3.1 with Removal of the Winslow Levee downstream from Station 320+00

This alternative (FRRM 2) is based on Alternative 3.1 (See Section 10.5). It differs in that this
measure includes the removal of the Winslow Levee downstream from hydraulic river station
320+00, which could potentially reduce the WSE at the Homolovi | Pueblo See Plate 45.

12.2.3 Alternatives 8 and 10 with Saltcedar Removal

This alternative (FRRM 3) is based on Alternatives 8 and 10, but the analysis includes the
removal of saltcedar downstream from the Homolovi | Pueblo along the western bank of the
LCR. The removal of saltcedar is an attempt to decrease the Manning’s n-value from 0.12 (dense
saltcedar) to 0.05 (floodplains, scattered brush, heavy weeds) in order to decrease the WSE near
the Homolovi | Pueblo. Removal of saltcedar in this area would further decrease the flooding
impacts at Homolovi | Pueblo. See Plate 46.

12.2.4 Alternative 3.1 with Saltcedar Removal

This alternative (FRRM 4) is based on Alternative 3.1 (See Section 10.5), but includes the
removal of saltcedar downstream from the Homolovi | Pueblo along the western bank of the
LCR. The removal of saltcedar is an attempt to decrease the Manning’s n-value in order to
decrease the WSE near the Homolovi | Pueblo. See Plate 47.
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12.2.5 Alternative 3.1 with Saltcedar Removal and Winslow Levee removal downstream from
Station 320+00

This alternative (FRRM 5) is based on Alternative 3.1 (See Section 10.5), but includes the
removal of saltcedar downstream from the Homolovi | Pueblo along the western bank of the
LCR and the removal of the Winslow Levee downstream from hydraulic river station 320+00.
The removal of saltcedar and the removal of the downstream section of the levee is an attempt to
decrease the Manning’s n-value in order to decrease the WSE near the Homolovi | Pueblo. See
Plate 48.

12.2.6 Alternative 3.1 with Channelization of the LCR near Homolovi | Pueblo

This alternative (FRRM 6) is based on Alternative 3.1 (See Section 10.5), but includes
channelization of the LCR from hydraulic river station 390+00 to 325+00. The channelization is
another attempt to decrease the WSE at the Homolovi | Pueblo. See Plate 49.

12.2.7 Upstream Storage Area / Detention Basin

This alternative (FRRM 7) consists of creating a storage basin large enough to capture and hold
the difference between the 1% ACE and the 2% ACE peak flood hydrograph. The flood
hydrograph for the 86 hour event begins to peak at 32 hours and lasts to 36 hours for both flood
events. The difference in the peak flood volume between the two flood events is approximately
3,900 acre-feet, which corresponds to a 390 acre basin that is 10 feet deep. This alternative could
potentially store the difference in peak flow between the 1% ACE and 2% ACE flood peak
hydrograph, which could decrease the WSE at Homolovi | Pueblo.

12.3 Comparison of Winslow Alternatives to Baseline Condition at Homolovi | Pueblo

Section 11.1 provides a comparison of the Winslow Alternatives to the Baseline Condition at the
Homolovi | Pueblo.

12.4 Comparison of Flood Risk Reduction Measures to Baseline Condition at Homolovi |
Pueblo

This section compares the WSEs for the six flood risk reduction measures at Homolovi | Pueblo
to the baseline condition assuming no levee failure. The flood risk reduction measures each
provide a lower WSE at the Homolovi | Pueblo when looking at hydraulic river station 390+00.
The differences in WSE among the flood risk reduction measures at Homolovi | Pueblo and the
baseline condition vary from approximately 0.6 to 2.5 feet. The drop in WSE for the six flood
risk reduction measures compared to the baseline condition assuming no levee failure is:

0.7 feet for FRRM 1 (Section 12.2.1)

1.3 feet for FRRM 2 (Section 12.2.2)

1.3 feet for FRRM 3 (Section 12.2.3)

2.1 feet for FRRM 4 (Section 12.2.4)

2.5 feet for FRRM 5 (Section 12.2.5)

1.7 feet for FRRM 6 (Section 12.2.6)
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FRRM 5, the flood risk reduction measure that includes saltcedar removal and removal
downstream of hydraulic river station 320+00, provides the lowest WSE among the six flood risk
reduction measures at Homolovi | Pueblo.

The flood risk reduction measure with the storage area was not modeled in HEC-RAS due to the
real estate concerns and the need for nearly 400 acres of land needed to store the peak runoff
(assuming a basin of approximately 10 feet deep).

See Table 18 for the comparison of WSE for the six flood risk reduction measures at Homolovi |
Pueblo to the Baseline Condition. See Plate 50 for the floodplains for the flood risk reduction
measures at Homolovi | Pueblo.

12.5 Homolovi I Pueblo Conclusion/Recommendation

Seven flood risk reduction measures discussed in the sections above are designed to reduce the
flooding impact at the Homolovi | Pueblo. The measures include one or a combination of the
following: removing the existing levee at hydraulic river station 320+00, removing saltcedar
downstream from the Homolovi | Pueblo, setting back the Winslow Levee, channelization
downstream from the Homolovi | Pueblo, and a storage area to capture the peak runoff. The
flood risk reduction measures at Homolovi | Pueblo considered in this analysis decrease the
water surface elevation compared to the baseline condition. Alternatively, to mitigate the
flooding impacts at the Homolovi | Pueblo, a ring levee could be used to protect the
archeological site.

None of the flood risk reduction measures have been incorporated into the TSP.
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13.0 SUMMARY AND CONCLUSIONS

13.1 Interior Drainage

An interior drainage analysis was completed for the baseline condition. Two existing culverts
convey flows from the land side of the levee to the river side. The K-3 Channel conveys flows to
three concrete box culverts (10 feet wide by 4 feet high) which travel beneath 1-40. Plate 51
shows the interior drainage analysis within the project area. The K-3 hydraulic gates receive flow
from a drainage area of approximately 510 acres. The 1-4 Channel conveys flows to four
concrete box culverts (10 feet wide by 4 feet high) which travel beneath the existing Winslow
Levee. The (I-4) hydraulic gates receive flow from a drainage area of approximately 695 acres.
There are three current storage areas on the land side of the levee. See Table 19 for pertinent data
for the interior drainage features.

13.2 Baseline Condition Analysis

13.2.1 Overview

Baseline condition channel hydraulic and floodplain studies were conducted for the Little
Colorado River near Winslow (Sections 5.0 and 6.0). A sedimentation analysis was also
conducted for the LCR Winslow reach (Section 7.0). The studies included hydraulic and
sediment data analyses, a site visit, development of HEC-RAS models (including sediment
transport), development of a FLO-2D model, and simulation and delineation of floodplain.

13.2.2  Hydraulic Model Development

HEC-RAS models were developed for the baseline condition for the reach of the LCR near
Winslow. Geotechnical and hydraulic analyses by the USACE show that the Winslow Levee
could safely convey up to 2.7% ACE flood discharge. Steady state HEC-RAS model simulations
were applied to the Winslow study reach. Overflow maps for the Winslow Levee study area from
50% to 0.2% ACE floods were produced from the steady state HEC-RAS simulations.

Baseline condition Floodplain analysis shows that the Ruby Wash Diversion Levee and Winslow
Levee near the Ruby Wash confluence with the LCR do not offer sufficient protection for the
2%, 1%, 0.5%, and 0.2% ACE floods. For the 2% ACE flood the RWDL overtops along the left
bank near the confluence with the LCR (hydraulic river station 535+00). The flooding is
contained between the RWDL and the BNSF Railroad. The amount of flow through the BNSF
Railroad underpasses is negligible considering the duration of the overflow and the volume that
is stored south of the railroad embankment. The 1%, 0.5%, and 0.2% ACE floods also overtop
the RWDL, resulting in flooding in the left overbank from approximately hydraulic river station
542+50 to the confluence with the LCR. When combined with the overtopping of the Winslow
Levee between the BNSF Railroad Bridge and the SR 87 Bridge, the floodplain shows extensive
flooding in the City of Winslow.

The steady state HEC-RAS model simulations assume that there is unlimited water supply to the
system. In reality, the overflow process is a dynamic flow limited by volume of water supply.

In order to further check the overflow maps produced by HEC-RAS steady state simulations, a
two-dimensional flow volume conservation model was applied to the Winslow study area. Five
FLO-2D models were developed for the floodplain analysis and are detailed in Section 6.0.
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13.2.3 Comparison of Hydraulic Models

Comparisons of the HEC-RAS model results with the FLO-2D model results show that the
results are compatible and in agreement. In addition, as demonstrated in the FLO-2D simulation
scenarios, a levee breach failure in the upstream area (Plate 24) would cause significant damage
to the city of Winslow, Ames Acres, Bushman Acres, and other areas behind the levee. The levee
breach failure in the downstream area near Bushman Acres (Plate 25) does not cause damages to
the city of Winslow, Ames Acres, Bushman Acres, and other business areas behind the levee.

HEC-RAS model results were used for the economic flood damage analysis. The HEC-RAS
model was also used to produce a Risk & Uncertainty Analysis. FLO-2D model results were
used to complement HEC-RAS model results as well as to provide input for plan formulation.
Both the HEC-RAS and FLO-2D models will be used to evaluate project alternatives in the next
phase of the study.

13.2.4  Sediment Transport Analysis

A baseline condition sediment transport model was created using the geometry file from the
baseline conditions hydraulic model which included approximately 10 miles of stream northeast
from Winslow (most of which was outside of the study area). No model calibration was
conducted for the sediment analysis. The sediment analysis was based on best available data
which included data from the USBR study in 2003 (Reference E) and the 2009 Winslow survey
data (Reference C) completed by Navajo County, as well as technical manuals.

13.2.5 Conditional Non-Exceedance Probability

The CNP for the baseline condition for the 1% ACE flood is 0.072 for Index Reach 1, meaning
that the existing Winslow Levee has a 7.2% assurance or chance of excluding the 1% ACE flood.
The CNP for the baseline condition is 0.506 for Index Reach 2.

13.3 With-Project Alternatives Analysis

13.3.1 Overview

The with-project analysis began with conveyance measure analysis for flow under the BNSF
Railroad Bridge. See Attachment 5 for further information. The selected conveyance measure
was Conveyance Measure C which includes excavation and widening of the channel bottom
beginning approximately 1,000 feet upstream from the BNSF Railroad and extending
approximately 1,000 feet downstream from the SR 87 Bridge. This measure includes a natural
channel bottom and does not include concrete lining.

13.3.2  Floodplain Analysis

The floodplains for the 1% ACE flood for Alternative 1.1 and Alternative 8 do not show
flooding caused by failure of the Winslow Levee. However, at the end of the rebuilt Winslow
Levee, flows flank the landside of the levee before moving downstream. There are no structures
within the affected area, but the floodplain boundary is very close to a few residents and
outbuildings. However, a cutoff levee could potentially minimize the flooding in the overbank
area upstream from the end of improvements. The location of the end of improvements was
selected based on a sensitivity analysis on the flood inundation area near the end of
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improvements. Due to the terrain on the land side of the levee, ending the improvements 1,500
feet upstream would only move the flooding problem further upstream. The current location of
the end of improvements was chosen to minimize flooding in this area. The floodplain for the
1% ACE flood does inundate the Homolovi | Pueblo area (Plates 27 and 30).

The floodplain for the 1% ACE flood for Alternative 3.1 does not show flooding caused by
failure of the Winslow Levee. However, at the end of the Rebuilt Winslow Levee, flows travel
around the end of the levee and travel upstream (south) approximately 1,500 feet. There are no
structures within the affected area, but the floodplain boundary is very close to a few residents
and outbuildings. There do not seem to be any structures affected in this area. Due to the setback
of the Winslow Levee, some properties are affected by the floodplain for this alternative. The
northern setback is directly west from the Homolovi | Pueblo. The floodplain for the 1% ACE
flood does inundate the Homolovi | Pueblo area (Plate 28). The FLO-2D with-project analysis
for the 1% ACE flood for Alternative 3.1 shows flows overtopping the Winslow Levee at the
downstream end. The breakout expands across the floodplain after the levee overtopping, but
major structures do not appear to be in the flow path. The maximum flow depth in this overbank
area is 3 feet.

The floodplains for the 1% ACE flood for Alternative 7 and Alternative 9 are the same as the
baseline condition as the floodplains do not include any conveyance improvements to the
Winslow Levee. See Plates 29 and 31.

The floodplain for the 1% ACE flood for Alternative 10 does not show flooding caused by
failure of the Winslow Levee. However, at the end of the rebuilt Winslow Levee (hydraulic river
station 320+00 for this alternative), the overbank river flow travels around and over the levee and
travels upstream (south) approximately 3,000 feet. This assumes that the unimproved levee
segment downstream from the federal project fails. There are some structures affected in this
area, but impact to these properties would not change compared to the existing condition. The
floodplain for the 1% ACE flood does inundate the Homolovi | Pueblo area.

Alternative 10 was modeled using FLO-2D for the 1% ACE flood. The floodplain shows
overtopping of the Winslow Levee near hydraulic river station 320+00. The breakout overflow
travels southward towards Winslow for approximately 3,000 feet. The maximum flow depth in
this area upstream from 320+00 is approximately 10 feet. The WWTP is protected by a ring
levee with 1% ACE flood design; however, the area around the WWTP is inundated with a
maximum flow depth of 3 feet. Downstream (north) from hydraulic river station 320+00, the
flows in the overbank reach a maximum flow depth of 5 feet near Ames Acres.

Detailed analysis of each alternative is presented in Section 11. Conclusions regarding the TSP
and the alternative with the greatest potential for increase in water surface elevation are
discussed in the following sections.

13.3.3  Floodplain Comparison Alternative 10.1

A portion of the Homolovi | Pueblo footprint is currently within the 1% ACE floodplain for the
baseline condition based on hydraulic analysis comparisons discussed in Sections 11.2 and 11.3
for the FLO-2D and HEC-RAS models, respectively.
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The comparison of the HEC-RAS baseline condition (which assumes maximum WSE before
levee failure on the riverside of the levee) and with-project alternatives show that the baseline
condition water surface elevation is consistently at or above the water surface elevations of the
with-project alternatives under Scenario 1 (no levee failure). The alternatives have no adverse
effect when compared with the baseline condition; including at the Homolovi | Pueblo (see
Plates 39 and 40). Alternatives 10 and 10.1 result in a decreased floodplain extent and a
decreased water surface elevation at Homolovi | Pueblo compared to the baseline condition.
Alternatives 10 and 10.1 have the same flood duration as the baseline condition. See Plates 52
and 53 for maps comparing the baseline condition 1% ACE floodplain to the TSP floodplain at
the Homolovi | Pueblo.

Based on the FLO-2D analysis, compared to the levee failure baseline condition scenarios (3, 4,
and 5), Alternative 10 and 10.1 would result in an increase in WSE at Homolovi | Pueblo by up
to 0.5 feet and increase the flow velocity by up to 0.2 fps. Compared to the no levee failure
baseline condition scenario (1), Alternatives 10 and 10.1 would result a decrease is WSE at
Homolovi | Pueblo by 0.2 feet. The improved levee in Alternatives 10 and 10.1 would result in a
minor increase in flooding. The difference in WSE between the levee not failing (Scenario 1) and
the levee failing (Scenarios 3-5) is a maximum of 0.7 feet for the baseline condition.

13.3.4 Floodplain Comparison Alternative 10.4

Hydraulic analysis shows that Alternative 10.4 would slightly decrease flooding at the Homolovi
I Pueblo compared to the baseline condition 0.5% ACE flood under the no levee failure scenario
(Scenario 1). A portion of the Homolovi | Pueblo footprint is currently within the 0.5% ACE
floodplain for the baseline condition. Alternative 10.4 results in a decreased floodplain extent at
Homolovi | Pueblo compared to the baseline condition based on the HEC-RAS hydraulic
analysis. Alternative 10.4 has the same flood duration as the baseline condition. Implementation
of Alternative 10.4 would decrease the footprint of the floodplain at the Homolovi | Pueblo. See
Plates 54 and 55 for maps comparing the baseline condition 0.5% ACE floodplain to Alternative
10.4 0.5% ACE floodplain at the Homolovi | Pueblo.

Alternative 10.4 has a small area near Interstate 40 and Route 66 east of the LCR that has
induced flooding as a result of Alternative 10.4 measures compared to the baseline condition
0.5% ACE floodplain. See Plate 54. Hydraulic analysis shows that Alternative 10.4 would
slightly decrease flooding at the Homolovi | Pueblo compared to the baseline condition 0.5%
ACE flood under the no levee failure scenario. See Plate 55.

13.3.5 Conditional Non-Exceedance Probability

The CNP for Alternative 10.1 for the 1% ACE flood is 0.880 for Index Reach 1, meaning that
the existing Winslow Levee has an 88% assurance or chance of excluding the 1% ACE flood.
Additional analysis was conducted indicating that 0.3 feet of additional height will increase the
assurance to a 90% level for the 1% ACE event, resulting in a levee height that is 3.3 feet above
the water surface profile.
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Table 1: Discharge-Frequency Values for the Steady State HEC-RAS Model

Frequency Discharge
% ACE (year) (cfs)
50 2 8,070
20 5 16,360
10 10 24,400
4 25 38,310
50 52,020
100 69,200
0.5 200 90,660
0.2 500 127,250
ACE = Annual Chance Exceedance

Table 2: Peak and Volume Discharge Frequency Values for LCR at Winslow

Volume (cfs) per Frequency Event (%ACE)

50 20 10 4 2 1 0.5 0.2

Peak Q 8,070 16,360 | 24,400 | 38,310 | 52,020 | 69,200 | 90,660 | 127,250

1-Day Volume | 4030 9,480 13,810 | 19,630 | 24,020 | 28,370 | 32,620 | 38,080

2-Day Volume | 3320 7,800 11,350 | 16,120 | 19,730 | 23,290 | 26,780 | 31,260

3.5-day
VVolume 2,560 5,875 8460 11,880 | 14,440 | 16,945 | 19,390 | 22,510
Table 3: Roughness Coefficients (Manning’s n-values)
Manning's
n-value Description
0.03 Channel Bed with fine to medium sand*

0.05 Floodplains, scattered brush, heavy weeds?
0.085 Floodplains, Medium to dense brush?
0.09 Residential Medium Density?

0.12 Dense willow, heavy timber, "saltcedar"?
Sources
1 Design Manual for Engineering Analysis of Fluvial Systems, ADWR, 1985
2 Open Channel Hydraulics, Chow, 1959
3 A method for adjusting values of Manning’s roughness coefficients for flooded

urban areas, Hejl, 1977




Table 4: Bridges in Study Area

Span Pier Bridge
HEC-RAS Length Width Width
Crossing Name Station # Piers (feet) Pier Shape (feet) (feet)
BNSF Railroad Triangular Nose
Bridge 529+39.27 5 700 120 degree Angle 7.0t08.5 36
State Route 87 / Circul
ircular
Route 66 524+13.68 6 850 6 45
Elongated piers
Interstate 40| ghei8840 | 12 1030 | with semi-circular | 2 40
Eastbound
ends
Elongated piers
Interstate 40| 5117160 | 12 1030 | with semi-circular | 2 40
Westbound
ends
Notes:

The Pier Width for the BNSF Railroad Bridge is 8.5 near the ground and 7.0 near the bridge deck

See Plate 3 for Bridge Locations

Table 5: Calculated Inundated Area for Total Levee Failure

Discharge Frequency (%ACE)

1 0.5 0.2
(acre-
Total Volume feet) 122,502 140,114 161,962
Inundated Area (acres) 12,411 12,775 13,245

Note: The duration of the hydrograph was 3.5 days

Table 6: Calculated Inundated Area for Impingement and Piping Failure

Discharge Frequency (%ACE)

1 0.5 0.2
(acre-
Total Volume feet) 122,502 140,114 161,962
Inundated Area (acres) 12,564 12,999 13,489

Note: The duration of the hydrograph was 3.5 days




Table 7: Downstream Boundary Rating Curve (HEC-RAS Sediment Model)

Frequency Discharge W.S. Elev.
(% ACE) (cfs) (feet)
Low Flow 500 4814.3

50 8,070 4817.3
20 16,360 4818.1
10 24,400 4818.7

38,310 4819.3

52,020 4819.9

1 69,200 4820.5
0.5 90,660 4821.1
0.2 127,250 4822.0

Table 8: Expected & Computed Peak Discharges with Confidence Limits for LCR at Winslow

Exceedance | Return 95% Computed 5%
Probability | Period | Confidence Peak Expected Peak | Confidence
(%) (Year) Limit (cfs) | Discharge (cfs) | Discharge (cfs) | Limit (cfs)
0.2 500 81,120 127,250 158,760 240,380
0.5 200 60,680 90,660 106,440 159,000
1 100 48,090 69,200 78,060 114,590
2 50 37,540 52,020 56,740 81,240
4 25 28,720 38,310 40,630 56,360
10 10 19,220 24,400 25,160 33,140
20 5 13,320 16,360 16,610 20,960
50 2 6,670 8,070 8,070 9,760

Table 9: Bed Identifier Characteristics

Material Identifier
Rock/Resistant Clay 0
Boulders 1
Cobbles 2
Gravels 3
Sands 4

Engineering Manual EM 1110-2-1619, Risk-
Based Analysis (Table 5-1)

For Flood Damage Reduction Studies, 1
August 1996




Table 10 - Risk and Uncertainty

Existing Baseline Condition

Alternative 1.1

Reach & Index é‘;;:i Naturgl Modetl Tota! Naturgl Modetl Tota!
Cross-Section | Exceedance Q (cfs) | Uncertainty | Uncertainty | Uncertainty | Uncertainty | Uncertainty | Uncertainty
(%) (Snatural) (Smodel) (STotaI) (Snatural) (Smodel) (STotaI)
Index Reach 1 0.2 127,250 0.95 1.00
Upstream Sta 0.5 90,660 0.95 1.00
545+00 1 69,200 0.54 0.78 0.95 0.56 0.83 1.00
Downstream Sta 52,020 0.71 0.75
350+00 4 38,310 0.53 0.55
Index Sta. 10 24,400 0.33 0.35
535+00 20 16,360 0.30 0.30
50 8,070 0.30 0.30
Index Reach 2 0.2 127,250 1.09 1.09
Upstream Sta 0.5 90,660 1.09 1.09
350400 1 69,200 0.54 0.95 1.09 0.55 0.95 1.09
Downstream Sta 2 52,020 0.82 0.82
170+00 4 38,310 0.60 0.60
Index Sta. 10 24,400 0.38 0.38
290+00 20 16,360 0.30 0.30
50 8,070 0.30 0.30
Alternative 3.1 Alternative 7 &
Reach & Index éﬁ:::; Naturz_yll Mode_l Tota! Naturz_yll Mode_l Tota!
Cross-Section | Exceedance Q (cfs) | Uncertainty | Uncertainty [ Uncertainty [ Uncertainty | Uncertainty | Uncertainty
(%) (Snatural) (Smodel) (STotaI) (Snatural) (Smodel) (STotaI)
Index Reach 1 0.2 127,250 0.99 0.95
Upstream Sta 0.5 90,660 0.99 0.95
545+00 1 69,200 0.56 0.82 0.99 0.54 0.78 0.95
Downstream Sta 2 52,020 0.74 0.71
350+00 4 38,310 0.55 0.53
Index Sta. 10 24,400 0.35 0.33
535+00 20 16,360 0.30 0.30
50 8,070 0.30 0.30
Index Reach 2 0.2 127,250 1.09 1.09
Upstream Sta 0.5 90,660 1.09 1.09
350400 1 69,200 0.55 0.95 1.09 0.54 0.95 1.09
Downstream Sta 2 52,020 0.82 0.82
170+00 4 38,310 0.60 0.60
Index Sta. 10 24,400 0.38 0.38
290400 20 16,360 0.30 0.30
50 8,070 0.30 0.30




Table 10 - Risk and Uncertainty (continued)

Alternatives 8 & 10 & 10.1

Alternative 10.2

Reach & Index é‘;;:i Naturgl Modetl Tota! Naturgl Modetl Tota!
Cross-Section | Exceedance Q (cfs) | Uncertainty | Uncertainty | Uncertainty | Uncertainty | Uncertainty | Uncertainty
(%) (Snatural) (Smodel) (STotaI) (Snatural) (Smodel) (STotaI)
Index Reach 1 0.2 127,250 0.99 0.77
Upstream Sta 0.5 90,660 0.99 0.77
545+00 1 69,200 0.56 0.82 0.99 0.52 0.57 0.77
Downstream Sta 52,020 0.74 0.58
350+00 4 38,310 0.55 0.43
Index Sta. 10 24,400 0.35 0.27
535+00 20 16,360 0.30 0.30
50 8,070 0.30 0.30
Index Reach 2 0.2 127,250 1.07 1.03
Upstream Sta 0.5 90,660 1.07 1.03
350400 1 69,200 0.54 0.92 1.07 0.53 0.88 1.03
Downstream Sta 2 52,020 0.80 0.77
170+00 4 38,310 0.59 0.57
Index Sta. 10 24,400 0.38 0.36
290+00 20 16,360 0.30 0.30
50 8,070 0.30 0.30
Alternative 10.3 Alternative 10.4
Reach & Index éﬁ:::; Naturz_yll Mode_l Tota! Naturz_yll Mode_l Tota!
Cross-Section | Exceedance Q (cfs) | Uncertainty | Uncertainty [ Uncertainty [ Uncertainty | Uncertainty | Uncertainty
(%) (Snatural) (Smodel) (STotaI) (Snatural) (Smodel) (STotaI)
Index Reach 1 0.2 127,250 0.96 1.13
Upstream Sta 0.5 90,660 0.96 1.13
545+00 1 69,200 0.53 0.79 0.96 0.57 0.98 1.13
Downstream Sta 2 52,020 0.74 0.58
350+00 4 38,310 0.55 0.43
Index Sta. 10 24,400 0.35 0.27
535+00 20 16,360 0.30 0.30
50 8,070 0.30 0.30
Index Reach 2 0.2 127,250 1.06 1.07
Upstream Sta 0.5 90,660 1.06 1.07
350400 1 69,200 0.53 0.91 1.06 0.55 0.92 1.07
Downstream Sta 2 52,020 0.80 0.77
170+00 4 38,310 0.59 0.57
Index Sta. 10 24,400 0.38 0.36
290400 20 16,360 0.30 0.30
50 8,070 0.30 0.30




Table 11: Combined Probability of Unsatisfactory Performance (Levee Fragility)

Ruby Wash Diversion Levee/Winslow Levee

Winslow Levee

!Station 4+95/Station 535+00

Station 515+00

Top of Levee Elevation = 4866.7 feet

Top of Levee Elevation = 4865 feet

WSE Height WSE Height
above/below Levee above/below Levee

WSE (feet) Pu (feet) WSE (feet) Pu (feet)
4868 1 1.3 4866 1 1
4866.9 0.31 0.2 4865 0.11 0
4864.6 0.16 2.1 4863 0.04 -2
4862 0 -4.7 4862 0.02 -3
4859.5 0 -55

4855 0 -10

Winslow Levee

2Station 370+00

3Station 290+00

Top of Levee Elevation = 4855.4 feet

Top of Levee Elevation = 4852.6 feet

WSE Height WSE Height
above/below Levee above/below Levee

WSE (feet) Py (feet) WSE (feet) Py (feet)

4857 0.5 1.6 4852 1 -0.6

4856 0.25 0.6 4849 0.83 -3.6

4853 0.14 -2.4 4847 0.52 -5.6

4852.5 0.08 -2.9 4845 0.24 -7.6

4850.5 0.02 -4.9 4840 0 -12.6
4849 0.001 -6.4

WSE = Water Surface Elevation

Pu = Probability of Unsatisfactory Performance

WSE Height above/below Levee = WSE - Top of Levee Elevation

RWDL = Ruby Wash Diversion Levee

WL = Winslow Levee

1. RWDL Station 4+95 used as representative cross-section for Index Reach 1 in Economic Analysis.

It is equivalent to WL Station 535+00.

2. WL Station 370+00 is approximately 2500 feet downstream from the Homolovi | Pueblo

3. WL Station 290+00 used as representative cross-section for Index Reach 2 in Economic Analysis

4. All stationing provided is hydraulic model stationing




Table 12: Probability of Unsatisfactory Performance vs Frequency and Discharge

Winslow Levee

Station 535+00

Station 515+00

Top of Levee Elevation = 4866.70 feet

Top of Levee Elevation = 4865 feet

Frequency Discharge WSE Py Frequency Discharge WSE Pu
(% ACE) (cfs) (feet) (% ACE) (cfs) (feet)
50 8,070 4857 0 50 8,070 4854.4 0
20 16,360 4860 0 20 16,360 4856.7 0
10 24,400 4862 0 10 24,400 4858.3 0
4 38,310 4864.6 | 0.16 4 38,310 4860.4 | 0.01
2 52,020 4866.9 | 0.31 2 52,020 4862.3 | 0.03
1 69,200 4871.7 1 1 69,200 4864.1 | 0.08
0.5 90,660 4872.7 1 0.5 90,660 4866.7 1
0.2 127,250 4873.2 1 0.2 127,250 4871.3 1
Winslow Levee
Station 370+00 Station 290+00
Top of Levee Elevation = 4855.38 feet Top of Levee Elevation = 4865 feet
Frequency Discharge WSE Py Frequency Discharge WSE Py
(% ACE) (cfs) (feet) (% ACE) (cfs) (feet)
50 8,070 4846 0 50 8,070 4840.6 | 0.03
20 16,360 4847.3 0 20 16,360 48422 | 0.11
10 24,400 4848.3 0 10 24,400 4843.3 | 0.16
4 38,310 4849.7 | 0.01 4 38,310 4844.8 | 0.23
2 52,020 4850.9 | 0.03 2 52,020 4846 0.38
1 69,200 4852.1 | 0.07 1 69,200 4847.3 | 0.57
0.5 90,660 48535 | 0.16 0.5 90,660 4848.7 | 0.78
0.2 127,250 4854.5 0.2 0.2 127,250 4850.6 | 0.92

WSE = Water Surface Elevation

Py = Probability of Unsatisfactory Performance

WL = Winslow Levee

RWDL = Ruby Wash Diversion Levee

WL Station 535+00 = RWDL Station 4+95 in Geotechnical Levee Fragility Report




Table 13: Comparison of Levee Heights for With-Project Alternatives to Baseline Condition

Alternative | WSE Profile Reach 1D Avg. Change in | Max. Change in
Levee Height (ft) | Levee Height (ft)
1.1 1% ACE Reach 1 2 2.7
1.1 1% ACE Reach 2 1.1 1.9
1.1 1% ACE Reach 3 2.2 3.1
1.1 1% ACE Reach 4 and 5 0.5 15
3.1 1% ACE Reach 1 1.9 2.6
3.1 1% ACE Reach 2 1 1.8
3.1 1% ACE Reach 3 1.9 2.9
3.1 1% ACE Reach 4 0.25 15
3.1 1% ACE Reach 5 0.5 1.6
8 1% ACE Reach 1 2 2.7
8 1% ACE Reach 2 1.1 19
8 1% ACE Reach 3 2.2 3.1
8 1% ACE Reach 4 0.5 15
8 1% ACE Reach 5 0.5 1.6
10 & 10.1 1% ACE Reach 1 2 2.7
10&10.1 1% ACE Reach 2 0.7 19
10&10.1 1% ACE Reach 3 2 3.1
10&10.1 1% ACE Reach 4 0.5 1.6
10 & 10.1 1% ACE Reach 5 0.9 15
10.2 4% ACE Reach 1 2.1 3
10.2 4% ACE Reach 2 0 0.1
10.2 4% ACE Reach 3 0 0.4
10.2 4% ACE Reach 4 0 0
10.2 4% ACE Reach 5 0 0
10.3 2% ACE Reach 1 0.6 1.3
10.3 2% ACE Reach 2 0 1.1
10.3 2% ACE Reach 3 0.5 1.7
10.3 2% ACE Reach 4 0 0.2
10.3 2% ACE Reach 5 0 0.1
10.4 0.5% ACE Reach 1 2.9 3.7
104 0.5% ACE Reach 2 0.5 1.6
10.4 0.5% ACE Reach 3 2.7 3.8
10.4 0.5% ACE Reach 4 15 3.1
10.4 0.5% ACE Reach 5 2.4 3
Notes:

Reach 1: Upstream from BNSF Railroad Bridge (hydraulic river station 542+50 to 529+83)

Reach 2: BNSF Railroad Bridge to 1-40 Bridges (hydraulic river station 528+87 to 505+03)

Reach 3: New Levee Section along 1-40 (compared to 1-40 embankment, which is not classified as a
levee) - hydraulic river station 495+00 to 475+00

Reach 4: From 1-40 to Setback Levee (hydraulic river station 475+00 to 365+00)

Reach 5: Setback Levee to End of Levee - hydraulic river station 365+00 to 320+00 (Alternatives 10
and higher) or 190+00 (Alternatives 1.1, 3.1 and 8)



Table 14: Slope Protection Recommendations for With-Project Alternatives

Upstream | Downstream .
Alt. # |Reach|Reach Description gtation Station Length (ft) | Slope Protection
1.1 1  [Upstream from Route 66 Bridge N/A 524+93 3300 24-inch riprap
11 2 |Route 66 Bridge to 1-40 Bridges 524+93 505+03 2000 42-inch riprap1
1.1 3 |New Levee Along I-40 505+03 475+00 3750 24-inch riprap
1.1 4 |From 1-40 to South River Impingement | 475+00 420+00 5000 24-inch riprap
1.1 5 |South River Impingement 420+00 360+00 6300 Soil Cement
1.1 6 |Between the 2 Impingement Locations | 360+00 285+00 6100 24-inch riprap
1.1 7 [Northern River Impingement 285+00 235+00 3350 Soil Cement!
11 8 |North Impingement to End of Levee 235+00 190+00 6800 24-inch riprap
3.1 1  [Upstream from Route 66 Bridge N/A 524+93 3300 24-inch riprap
3.1 2 |Route 66 Bridge to 1-40 Bridges 524+93 505+03 2000 42-inch riprap1
3.1 3 |New Levee Along I-40 505+03 475+00 3750 24-inch riprap
3.1 4 |New Setback Levee 475+00 325+00 13050 24-inch riprap
3.1 N/A |South River Impingement2 420+00 360+00 5800 Soil Cement ®
3.1 5 |Setback Levee to North Impingement 325+00 285+00 2950 24-inch riprap
3.1 6 [Northern River Impingement 285+00 235+00 3350 Soil Cement!
3.1 7  [North Impingement to End of Levee 235+00 190+00 6800 24-inch riprap
8 1  [Upstream from Route 66 Bridge N/A 524+93 3300 24-inch riprap
8 2 |Route 66 Bridge to 1-40 Bridges 524+93 505+03 2000 42-inch riprap1
8 3 |New Levee Along I-40 505+03 475+00 3750 24-inch riprap
8 4 |From 1-40 to South River Impingement | 475+00 420+00 5000 24-inch riprap
8 5 |South Impingement (Setback Levee) 420+00 360+00 5800 Soil Cement
8 6 |Between the 2 Impingement Locations | 360+00 285+00 6100 24-inch riprap
8 7 [Northern River Impingement 285+00 235+00 3350 Soil Cement!
8 8 |North Impingement to End of Levee 235+00 190+00 6800 24-inch riprap
10/10.1] 1 |Upstream from Route 66 Bridge N/A 524+93 3300 24-inch riprap
10/10.1 2 |Route 66 Bridge to End of 1-40 Levee 524+93 505+03 2000 42-inch riprap1
10/10.1] 3 [New Levee Along I-40 505+03 475+00 3750 24-inch riprap
10/10.1| 4 |From I-40 to South River Impingement | 475+00 420+00 5000 24-inch riprap
10/10.1] 5 [South River Impingement 420+00 360+00 5800 Soil Cement
10/10.1] 6 |[South Impingement to End of Levee 360+00 320+00 3000 24-inch riprap
Notes:

1. Indicates that Soil Cement or Grouted Stone could be used

2. Indicates that Soil Cement or Grouted Stone may be used on the impingement area (even with the setback levee)

- Hydraulic River Station provided

- 24-inch riprap indicates a D, of 24 inches and a layer thickness of 24 inches (ungrouted)

- Slope protection recommendations based on hydraulic analyses results




Table 15: Comparison of Floodplain Results for FLO-2D Hydraulic Analyses (Homolovi |

Pueblo)
Compared to Alternative 10.1
Maximum
Flow Average Change in | Average Change in
Hydraulic Model Description Depth?® Velocity WSE® Floodplain Extent’

(feet) (feet/s) (feet) (feet)
'Baseline (No Failure) - Scenario 1 51 3.4 0.2 2
“Baseline (Levee Failure) - Scenario 3 4.4 3.1 -0.5 -10
*Baseline (Levee Failure) - Scenario 4 4.5 3 -04 -8
*Baseline (Levee Failure) - Scenario 5 4.9 3.2 0.0 0
Alternative 10/10.1 4.9 3.2 N/A N/A
Alternative 3.1 2.9 3.1 -2.0 -25

Notes

1. The baseline condition no levee failure scenario assumes that the WSE reaches the maximum height for the 1 %
ACE flood event

2. The baseline condition levee failure (Scenarios 3) assumes that the levee fails at four locations along the levee (1
U/S & 3D/S)

3. The baseline condition levee failure (Scenarios 4) assumes that the levee fails upstream near State Route 87
Bridge

4. The baseline condition levee failure (Scenarios 5) assumes that the levee fails at three locations downstream of
Homolovi | Pueblo

5. Maximum flow depth for the 1% ACE at Homolovi | Pueblo

6. The Change in WSE compared to Alternative 10.1 (Positive Number equals increase in height)

7. The average change in floodplain extent is the horizontal difference in inundated area at Homolovi | Pueblo




Table 16: Comparison of With-Project Alternatives to Baseline Condition

WSE Upstream |Downstream| Avg. Change Avg. Main
Alternative| Profile |Reach Description Station Station in WSE' [ Channel Velocity?
(feet) (feet/second)
Baseline | 1% ACE |Upstream from BNSF Bridge 560+00 529+83 N/A 3.4
Baseline | 1% ACE |BNSF Bridge to 1-40 WB Bridge 529483 504+71 N/A 8
Baseline | 1% ACE |Downstream from 1-40 WB Bridge 504+71 400+00 N/A 7.5
Baseline | 1% ACE |Near Homolovi | Pueblo 400+00 390+00 N/A 7.5
Baseline | 1% ACE |Near Homolovi to Station 320+00 385+00 320+00 N/A 5.6
1.1 1% ACE [Upstream from BNSF Bridge 560+00 529+83 -2.3 6.3
1.1 1% ACE [BNSF Bridge to 1-40 WB Bridge 529+83 504+71 -0.4 6.7
1.1 1% ACE [Downstream from 1-40 WB Bridge 504+71 400+00 0 7.5
1.1 1% ACE [Near Homolovi | Pueblo 400+00 390+00 -0.1 7.8
1.1 1% ACE [Near Homolovi to Station 320+00 385+00 320+00 0 5.5
3.1 1% ACE [Upstream from BNSF Bridge 560+00 529+83 -2.4 6.4
3.1 1% ACE [BNSF Bridge to I-40 WB Bridge 529+83 504+71 -0.5 6.8
3.1 1% ACE [Downstream from 1-40 WB Bridge 504+71 400+00 -0.7 7.5
3.1 1% ACE [Near Homolovi | Pueblo 400+00 390+00 -0.7 7.3
3.1 1% ACE [Near Homolovi to Station 320+00 385+00 320+00 -0.3 5
8/10/10.1 | 1% ACE |Upstream from BNSF Bridge 560+00 529+83 -2.3 6.3
8/10/10.1| 1% ACE |BNSF Bridge to 1-40 WB Bridge 529+83 504+71 -0.4 6.7
8/10/10.1 | 1% ACE |Downstream from I-40 WB Bridge 504+71 400+00 0 7.5
8/10/10.1| 1% ACE |Near Homolovi | Pueblo 400+00 390+00 -0.2 7.7
8/10/10.1| 1% ACE |Near Homolovi to Station 320+00 385+00 320+00 0 5.4
10.2 4% ACE |Upstream from BNSF Bridge 560+00 529+83 0 4.4
10.2 4% ACE |BNSF Bridge to 1-40 WB Bridge 529+83 504+71 0 7.6
10.2 4% ACE |Downstream from 1-40 WB Bridge 504+71 400+00 0 6.5
10.2 4% ACE |Near Homolovi | Pueblo 400+00 390+00 -0.1 6.1
10.2 4% ACE |Near Homolovi to Station 320+00 385+00 320+00 0 4.4
10.3 2% ACE |Upstream from BNSF Bridge 560+00 529+83 -3.2 6.3
10.3 2% ACE |BNSF Bridge to 1-40 WB Bridge 529+83 504+71 -1 6.3
10.3 2% ACE |Downstream from 1-40 WB Bridge 504+71 400+00 0 6.9
10.3 2% ACE |Near Homolovi | Pueblo 400+00 390+00 -0.1 7
10.3 2% ACE |Near Homolovi to Station 320+00 385+00 320+00 0 4.9
10.4 0.5% ACE |Near Homolovi | Pueblo” 400+00 390+00 -0.2 N/A
Notes:

1. Compared to Baseline Condition ACE Flood (Negative Value incicates drop in WSE)

2. Main Channel Velocity is often higher than the velocity in the overbank areas

3. HEC-RAS was used to determine average changes in WSE and average main channel velocities

4, FLO-2D was used to determine difference in WSE and velocity due to volume conservation

5. Average change in WSE are compared to the baseline condition of comparable frequecy (i.e. 1% to 1%, 2% to 2%, 4% to 4%)




Table 17: Project Performance and Conditional Non-Exceedance Probabilities

Target Annual . Conditional Non-Exceedance
Exceedance Long Term_Rlsk (itesls Probability (Organized by Design
Alternative IdSr?’?i?iher Probability Pl Event - Annual Chance Exceedance)
. 10% 2% 1% 0.2%
Median | Expected 10 30 50 ACE ACE ACE ACE
. . 1 0.0380 0.0410 0.3420 0.7150 0.8766 0.9337 0.2629 0.0715 0.0025
Without Project
2 0.0692 0.0696 0.5137 0.8850 0.9728 0.8781 0.6728 0.5058 0.1837
1 0.0037 0.0049 0.0482 0.1377 0.2188 1.000 0.9877 0.8804 0.2702
11 2 0.0022 0.0012 0.0122 0.0362 0.0596 1.000 0.9944 0.9478 0.6059
1 0.0039 0.0051 0.0498 0.1421 0.2254 1.000 0.9863 0.8730 0.2593
3.1 2 0.0022 0.0012 0.0122 0.0362 0.0596 1.000 0.9944 0.9478 0.6059
1 0.0380 0.0410 0.3420 0.7150 0.8766 0.9337 0.2629 0.0715 0.0025
! 2 0.0692 0.0696 0.5143 0.8854 0.9730 0.8780 0.6717 0.5043 0.1821
1 0.0037 0.0049 0.0482 0.1377 0.2188 1.000 0.9877 0.8804 0.2702
8 2 0.0022 0.0012 0.0122 0.0362 0.0596 1.000 0.9944 0.9478 0.6059
1 0.0290 0.0323 0.2799 0.6265 0.8063 0.9952 0.2954 0.0808 0.0029
9 2 0.0692 0.0697 0.5143 0.8854 0.9730 0.8780 0.6717 0.5043 0.1821
1 0.0037 0.0049 0.0482 0.1161 0.2187 1.000 0.9879 0.8808 0.2696
10 2 0.0692 0.0695 0.5137 0.8850 0.9728 0.8780 0.6716 0.5051 0.2120
1 0.0037 0.0049 0.0482 0.1161 0.2187 1.000 0.9879 0.8808* | 0.2696
101 2 0.0692 0.0695 0.5137 0.8850 0.9728 0.8780 0.6716 0.5051 0.2120
1 0.0137 0.0163 0.1516 0.3894 0.5605 1.000 0.7092 0.3523 0.0261
10.2 2 0.0692 0.0695 0.5131 0.8846 0.9726 0.8782 0.6732 0.5060 0.2125
1 0.0065 0.0085 0.0815 0.2251 0.3462 1.000 0.9323 0.6944 0.1201
10.3 2 0.0692 0.0695 0.5132 0.8847 0.9727 0.8781 0.6725 0.5064 0.2130
1 0.0024 0.0018 0.0813 0.0539 0.0882 1.000 0.9980 0.9619 0.5366
104 2 0.0692 0.0695 0.5132 0.8847 0.9727 0.8781 0.6726 0.5066 0.2133

*Additional analysis has been conducted indicating that just 0.3 feet of additional height will increase the assurance to a 90% level for the
1% ACE event. Total Levee Height above water surface profile would be 3.3 feet.




Table 18: Comparison of Flood Risk Reduction Measures (FRRM) at Homolovi | Pueblo

Avg.
Change in

FRRM WSE Upstream Downstream WSE!

# Profile Station Station (feet)
1 1% ACE 400+00 390+00 -0.7
2 1% ACE 400+00 390+00 -1.3
3 1% ACE 400+00 390+00 -1.3
4 1% ACE 400+00 390+00 -2.1
5 1% ACE 400+00 390+00 -2.5
6 1% ACE 400+00 390+00 -1.7

Notes

1. Compared to Baseline Condition 1% ACE Flood (Negative Value

indicates drop in WSE)

FRRM = Flood Risk Reduction Measure

Table 19: Interior Drainage along the Winslow Levee

Culvert Name K-3 Channel & Floodgates I-4 Channel & Floodgates
Status Existing Existing

Culvert Type/Material Reinforced Concrete Box Reinforced Concrete Box

Culvert Length 256 feet 54 feet, 10 in
# Box Culverts 3 RCB 4 RCB

Box Dimensions 10 feet wide x 4 feet high 10 feet wide x 4 feet high
Approx. Drainage Area 510 Acres 695 Acres
Approx. Flow Capacity 1000 cfs 1200 cfs
Location (As-Builts) 59+68+/- 92+13.41
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CESPL-ED-H 23 August 2011

MEMORANDUM FOR CESPL-ED

SUBJECT: Little Colorado River at Winslow Feasibility Study — Field Visit on 9-11 August
2011

1. The purpose of this memorandum is to document a field visit to Little Colorado River (LCR)
in Winslow, Arizona. The purpose of the field visit was to observe the Winslow Levee, the LCR
Channel, and Ruby Wash, and to obtain additional bridge/underpass data. Additionally, we
visited Homolovi State Park. Messrs. Van Crisostomo, James Chieh, and Adam Bier of
Hydraulics Section along with Richard Legere and David Rodriguez from Planning Division
visited Winslow from 9 Aug 2011 to 11 Aug 2011.

Homolovi State Park

2. During the field visit to Homolovi State Park on 9 August 2011 at 1600 hours, we met with
Richard Lange from the Arizona State Museum. Mr. Lange expressed concerns that changes to
the Winslow Levee and LCR could adversely affect the Homolovi | Pueblo. Mr. Lange gave an
overview of the Homolovi State Park that included locations of the ancestral Hopi villages that
date to the 14™ century and also provided tours of two of the village sites referred as Homolovi |
and Homolovi Il. Homolovi State Park is an economic engine for the Winslow area and is
important to the community.

3. Homolovi I is located approximately 150 ft east of the river near Hydrologic Engineering
Center — River Analysis System (HEC-RAS) station 390+00 and has seen flood waters encroach
on its territory in the past. Figure 1 shows the proximity of LCR as seen from Homolovi I. The
village remains mostly covered with sand to help preserve the pueblos from floodwaters;
however, Mr. Lange still expressed concern that floodwaters could destroy ancient Hopi pueblos.
At Homolovi I, archeologists have left two walls exposed to provide an example of what the
village rooms looked like (See Figure 2). The attached photo location map (Enclosure 1) shows
where photos were taken in relation to HEC-RAS stations.

4. Homolovi Il is located approximately 0.75 miles east of the river near HEC-RAS station
120+00. Homolovi Il has seen more extensive excavation due to its location being approximately
100 ft above the river bottom. Figure 3 shows a cluster of rooms from the Homolovi Il pueblos
While Homolovi 11 is not threatened by LCR floodwaters, Homolovi | remains near the 100 year
floodplain in a location where the river meanders. Alternatives during the F4 phase of the
Feasibility Study must consider the effects to the pueblos.

BNSF Railroad Bridge

5. On 10 August 2011, Trent Larson from Navajo County gave a tour of the downstream
portion of LCR that affects the city of Winslow and the Winslow Levee system, including the
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BNSF Railroad Bridge at HEC-RAS station 529+69. The tour included the following locations:
BNSF Railroad Bridge, Route 66 Bridge, the 90 degree bend upstream from the railroad bridge,
Winslow Levee, Interstate 40 (1-40) Bridges, and the two locations where LCR impinges on the
levee.

6. The BNSF Railroad Bridge was constructed approximately 1000 ft downstream from a 90
degree bend in the river. The bridge is 36 ft wide, spanning approximately 700 ft with five piers.
The vegetation in the floodplain upstream and downstream of the bridge consists of dense
saltcedar (See Figure 4). According to Table 3-1 in the HEC-RAS Hydraulic Reference Manual,
the Manning’s n-value for floodplains that have “heavy stand of timber with flow into branches”
IS estimated to be 0.120 and areas with dense willow have an n-value of 0.150. Averaging the
two values, a roughness coefficient of 0.135 will be used for floodplain areas that are populated
with saltcedar to account for the dense vegetation. Additionally, the n-value of the channel bed
is estimated to be 0.030 based on the channel bed being clean and straight in this section of the
river. Furthermore, the upstream and downstream bankfull widths are 155 ft and 185 ft
respectively. Figures 5 and 6 show upstream and downstream views of LCR from the railroad
bridge.

Route 66 Bridge

7. The Route 66 Bridge is located downstream from the BNSF Railroad at HEC-RAS station
524+51 and was constructed in 2005. The bridge is 45 ft wide, spanning approximately 850 ft
with 6 piers. The floodplain upstream from the Route 66 Bridge consists of dense patches of
saltcedar (See Figure 7) as well as areas of scattered brush (See Figure 8). The left bank
immediately upstream and downstream from the bridge contains scattered brush having an n-
value of 0.060. Figure 9 shows a downstream view of the LCR floodplain from the top of the
west abutment, which indicates dense patches of saltcedar. The upstream and downstream
bankfull widths are approximately 240 and 280 ft respectively. Gabion mesh was used on the
abutment slope to protect against erosion under the Route 66 Bridge (See Figure 10).

8. The Cottonwood Wash confluence is approximately 200 ft downstream of the BNSF
Railroad Bridge on the right bank of LCR (See Figure 11). Additionally, Figure 12 shows an
aerial view of the BNSF Railroad and Route 66 Bridges taken on 28 July 2011. It also shows the
patches of saltcedar located upstream and downstream from the bridges.

LCR 90 Degree Bend Upstream from BNSF Railroad Bridge

9. Approximately 1000 ft upstream from the BNSF Railroad Bridge, LCR has a 90 degree bend
as it approaches the diversion levee which forces the river to flow north away from the city of
Winslow (See Figure 13). Figures 14 and 15 show the downstream and upstream views of the 90
degree bend in LCR respectively as viewed from the diversion levee. The left and right banks
contain dense saltcedar with an n-value of 0.135. The channel bottom has an n-value of 0.030.
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The outer bank was approximately 10 ft high around the bend with saltcedar populating the
floodplain above.

Interstate 40 Bridges

10. Interstate 40 spans LCR with two bridges, one eastbound and one westbound. The eastbound
and westbound bridges are located downstream from the Route 66 Bridge at HEC-RAS station
506+10 and 504+94 respectively. Each bridge is 40 ft wide, spanning approximately 1030 ft
with 12 piers. Figure 16 shows an aerial view of the 1-40 Bridges which shows dense saltcedar
upstream (0.135 n-value) and saltcedar downstream with patches of scattered brush (0.060 n-
value).

11. Post and wire fencing is located at the toe of the Winslow Levee upstream from the 1-40
bridges to protect the levee (See Figure 17). Furthermore, sheet piles were used beneath the 1-40
bridges to help protect against erosion (See Figure 18). Debris accumulation was found on two
I-40 westbound bridge piers (See Figure 19). Lastly, evidence of erosion was found on the
western embankment of the Winslow Levee between the 1-40 bridges and the Route 66 Bridge
(See Figure 20).

Winslow Levee

12. The 7.2 mile long Winslow Levee was constructed by Navajo County and the Arizona
Department of Water Resources between 1986 and 1989. It was designed to contain the 100-
year flood of 65,000 cfs. Recent studies indicate that the levee no longer provides 100- year
flood protection, and it has been decertified by the Federal Emergency Management Agency,
placing approximately 2,700 parcels and 1,500 structures in the floodplain.

13. A lift gate structure is located at approximately HEC-RAS station 435+00 along the Winslow
Levee. This structure allows for runoff to flow into the LCR floodplain from the City of
Winslow (See Figure 21). The vegetation on the river side of the levee consists mostly of dense
saltcedar.

14. A spur dike is located near HEC-RAS station 370+00. The spur dike has riprap protection
protecting its riverside slopes, completed in 2009. According to a March 2010 USACE
Geotechnical report, the riprap had a 2.5 ft thickness and a toe-down of 6 feet. The spur dike is
located at one of the two impingement points and is supposed to divert LCR and prevent it from
directly attacking the levee at that location.

15. Debris from the old Winslow Levee was found inside the floodplain at approximately HEC-
RAS station 410+00 (See Figure 22). Debris in the floodplain could inhibit the flow of water
during a flood event, putting the levee at risk.
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Impingement of Winslow Levee

16. Meandering of the Little Colorado River has rerouted flow near the spur dike located near
HEC-RAS station 370+00. During March 2008, floodwaters washed approximately 100 ft of the
spur dike and impacted the levee bank upstream of the spur dike according to Navajo County.
Emergency repairs were completed as concrete riprap was brought in to stabilize the area.

Figure 23 shows how LCR is impinging on the Winslow Levee. The vegetation upstream from
the spur dike consists of saltcedar on the right bank (when looking downstream) and scattered
brush on the floodplain between the levee and LCR (See Figure 24). The left bank downstream
from the spur dike is estimated to be 8 ft high with saltcedar on top of the bank along the toe of
the Winslow Levee (See Figure 25).

17. Another impingement site is located at approximately HEC-RAS station 260+00 (See
Figure 26). At this location, the meandering river has forced the river into a 90 degree angle
with the levee and riprap has been placed along this section of the Winslow Levee (See Figure
27). According to the local sponsor, the riprap thickness is 2.5 ft with a toedown of 10 ft.
Upstream of the impingement site, the floodplains along both banks contain dense saltcedar (See
Figure 28).

18. In 1993, the levee section between the two impingement sites was overtopped. Permanent
repairs were completed in December 1994 as riprap was placed by Navajo County on both sides
of the levee along this reach (See Figure 29). Additionally in December 2004, piping failure
occurred along the same stretch of the levee. Riprap repairs were made in the vicinity of the
piping location in 2005 in response to the 2004 piping failure. The emergency repairs were
completed by Navajo County.

19. At approximately HEC-RAS station 210+00, car bodies and parts were found along the
levee embankment. These car bodies pose a threat to the integrity of the levee (See figure 30).

Ruby Wash Diversion Levee

20. The Ruby Wash Diversion Levee is 5.3 miles long and was designed and constructed by
USACE in 1970. Flows in Ruby Wash are diverted east to the Little Colorado River, protecting
the Winslow Airport and approximately 500 residents.

21. The Ruby Wash Diversion Levee captures runoff from Ruby Wash guiding it to the
confluence with LCR approximately 800 ft upstream from the BNSF Railroad. B ecause Ruby
Wash is ephemeral, the channel bed consists of patches of scattered brush, characterized by an n-
value of 0.060. The wash also has areas that are clean and straight, which has a roughness
coefficient of 0.030 according to Table 3.1 of the HEC-RAS Hydraulic Reference Manual.
Figure 31 shows the variation in channel bottom.
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Interstate 40, Route 66, and BNSF Railroad Underpasses

22. Interstate 40 has four underpasses that would allow flood waters to get to the City of
Winslow. Moving from east to west are Transcon Lane, Oak Street, Ruby Wash, and North Park
Drive underpasses. Oak Street is a trapezoidal underpass that is 48 ft wide at the road level.
Transcon Lane is also a trapezoidal underpass that is 60 ft wide at the road level. North Park
Drive is a rectangular underpass that is 215 ft wide (See Figure 32). Additionally Ruby Wash
travels beneath 1-40 (approximately 170 ft wide), which could also be an avenue for flood waters
to reach the city (See Figure 33).

23. The BNSF Railroad has five underpasses between Hwy 87 and LCR. Each underpass
allows for runoff to travel north towards LCR, which could also allow floodwaters to enter more
quickly should the Ruby Wash Levee fail. Figure 34 shows the BNSF Railroad Bridge over
Ruby Wash, one of the five underpasses. Route 66 also has underpasses at each of these
locations.

Conclusions/Recommendations

24. Based on the site visit, the saltcedar and vegetation in the floodplain is denser than
previously assumed using aerial photography. The model will be updated using site visit photos
taken by Rich Legere and Adam Bier on 9-11 Aug 2011, in addition to photos taken from a
helicopter by Planning Division on 28 July 2011.

25. Roughness coefficients were obtained using the recommended values from Arizona
Department of Water Resources (ADWR) “Design Manual for Engineering Analysis of Fluvial
Systems” as well as Table 3.1 from HEC-RAS Hydraulic Reference Manual. The selected
values range from 0.030 to 0.12. The following is a summary of roughness coefficients to be
used in hydraulic design.

0.030 — Channel Bed with fine to medium sand

0.060 — Scattered brush, heavy weeds

0.070 — Light brush and trees

0.090 — Residential medium density (Hejl, 1977)

0.12 — Combination of dense willows, summer, straight and heavy stand of
timber, little undergrowth with flow into branches (saltcedar)

P00 o

26. The Winslow Levee between the 1-40 Bridge and Route 66 Bridge showed evidence of
erosion on the embankment. This stretch of the Winslow Levee is critical due to the proximity to
the City of Winslow.

27. The levee has experienced overtopping (1993) and piping (2003) along approximately a
10,000 ft stretch between the two impingement points. This stretch of the Winslow Levee has
been reinforced with riprap on both embankments. Furthermore, the two impingement locations
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have been reinforced as well, but they still need to be monitored due to the river’s proximity to
the levee.

28. Any questions should be directed to Mr. Adam Bier of Hydraulics Section at (213) 452-
3567 or Adam.J.Bier@usace.army.mil.

Encls RENE A. VERMEEREN, PE
Chief, Hydrology and Hydraulics Branch
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Figure 1: View from Homolovi | looking west towards LCR (09 Aug 2011)

Figure 2: View from Homolovi | looking northwest towards LCR (09 Aug 2011)
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Figure 3: View of pueblos at Homolovi Il (09 Aug 2011)

Figure 4: View of saltcedar vegetation upstream from the BNSF Railroad Bridge (10 Aug 2011)

12



CESPL-ED-H
SUBJECT: LCR Winslow — Field Visit on 9-11 August 2011

Figure 5: View from left bank near the BNSF Railroad Bridge looking upstream (10 Aug 2011)

Figure 6: View from left bank near the BNSF Railroad Bridge looking downstream (10 Aug 2011)
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Figure 7: View from top of west abutment of Route 66 Bridge, looking upstream (10 Aug 2011)

Figure 8: View from left bank near Route 66 Bridge pier looking upstream towards BNSF Bridge (10 Aug 2011)
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Figure 9: View from top of west abutment of Route 66 Bridge, looking downstream (10 Aug 2011)

Figure 10: Gabion mesh erosion protection on the western Route 66 Bridge abutment (10 Aug 2011)
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Cottonwood Wash

Little Colorado River
Figure 11: Cottonwood Wash confluence with LCR (10 Aug 2011)

— City of Winslow

Ruby Wash

N Route 66 Bridge
BNSF Railroad Bridge
S \ _»

Little Colorado River

Cottonwood Wash

N

Figure 12: View of LCR, the BNSF and Route 66 Bridges, and Winslow, looking West (28 July 2011)
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Figure 13: View of 90 degree bend in LCR as it approaches the diversion levee, changing its flow
direction from west to north (28 July 2011)

Figure 14: View from diversion dike 1000 ft upstream from BNSF bridge near 90 degree bend in
LCR looking downstream (North) towards the BNSF Bridge (10 Aug 2011)
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Figure 15: View from diversion dike 1000 ft upstream from BNSF Bridge near 90 degree bend in
LCR looking upstream (East) (10 Aug 2011)

<«——Interstate 40 Bridges

Figure 16: View of 1-40 bridges with the BNSF and Route 66 bridges further upstream (28 Jul 2011)
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Figure 17: View of post and wire fencing along the Winslow Levee toe upstream of the 1-40
bridges (10 Aug 2011)

Figure 18: View of sheet piling along the western 1-40 bridge abutment (10 Aug 2011)
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™

N

Figure 19: View of debris accumulation on westbound I-40 Bridge piers, looking downstream (10 Aug 2011)

Figure 20: Evidence of piping was found on the Western embankment of the Winslow
Levee between the I-40 bridges and the Route 66 Bridge (10 Aug 2011)
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Figure 21: View from Winslow Levee looking East at lift gate structure, HEC-RAS station 43,500 (10 Aug 2011)

Figure 22: Debris inside the floodplain along the Winslow Levee, HEC-RAS station 41,000 (10 Aug 2011)
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Figure 23: View of LCR impingement on Winslow Levee and spur dike, looking Southwest (28 July 2011)

Figure 24: View from spur dike near LCR impingement on Winslow Levee looking upstream,
HEC-RAS station 37,000 (10 Aug 2011)
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Figure 25: View from spur dike near LCR impingement on Winslow Levee looking downstream,
HEC-RAS station 37,000 (10 Aug 2011)

Figure 26: View of impingement site looking west, HEC-RAS station 26,000 (28 July 2011)
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Figure 27: View from levee looking downstream from impingement site, HEC-RAS station 26,000 (10 Aug 2011)

Figure 28: View from levee looking upstream from impingement site, HEC-RAS station 26,000 (10 Aug 2011)
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Figure 29: View of Winslow Levee showing riprap placement typical between HEC-RAS
station 37,000 and 26,000 (28 July 2011)

Figure 30: Car body in Winslow Levee embankment (10 Aug 2011)
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Figure 31: View of Ruby Wash looking downstream, HEC-RAS station 10,000 (10 Aug 2011)

Figure 32: View of North Park Drive underpass beneath 1-40 looking towards Winslow (11 Aug 2011)
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Figure 33: View of Ruby Wash underpass beneath 1-40 looking North (11 Aug 2011)

Figure 34: View of BNSF Railroad Bridge over Ruby Wash looking South (10 Aug 2011)
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U.S. ARMY CORPS OF ENGINEERS

LOS ANGELES DISTRICT

Sieve Sample # Sample 4 Sample 6

No. size (mm) | Wt. Ret. % ret % finer % in size class Wt. Ret. % ret % finer % in size class

8 2.38 0 0 100 0.0 0 0 100 0.0

10 2 0 0 100 0.0 0 0 100 0.0

16 1.19 0 0 100 0.0 0 0 100 0.0

30 0.59 0.6 0.075 | 99.925 0.1 0 0 100 0.0

40 0.42 4 0.573 | 99.427 0.5 0 0 100 0.0

50 0.297 36.4 5.108 | 94.892 4.5 1.3 0.184 99.816 0.2

100 0.149 532.6 71.459 | 28.541 66.4 426 60.636 39.364 60.5

200 0.074 222.9 99.228 | 0.772 27.8 270.4 99.007 0.993 38.4

Pan 6.2 100 0 0.8 7 100 0 1.0

802.7 100 704.7 100

d16 d50 ds4 d16 d50 ds4
0.109 0.186 0.265 0.097 0.168 0.248
Sieve Sample # Sample 7 Sample 9

No. size (mm) | Wt. Ret. % ret % finer % in size class Wit. Ret. % ret % finer % in size class

8 2.38 0 0 100 0.0 0 0 100 0.0

10 2 0 0 100 0.0 0 0 100 0.0

16 1.19 0 0 100 0.0 0 0 100 0.0

30 0.59 0 0 100 0.0 0.3 0.044 99.956 0.0

40 0.42 1.7 0.250 | 99.750 0.2 6 0.929 99.071 0.9

50 0.297 60.4 9.123 | 90.877 8.9 61.4 9.984 90.016 9.1

100 0.149 549.1 89.790 | 10.210 80.7 342.2 60.448 39.552 50.5

200 0.074 68.1 99.794 | 0.206 10.0 255.6 98.142 1.858 37.7

Pan 14 100 0 0.2 12.6 100 0 1.9

680.7 100 678.1 100

d16 d50 ds4 d16 d50 ds4
0.157 0.209 0.280 0.096 0.172 0.274

NOTE: Soil samples from the Winslow area received from Tom Hieb, Bureau of Reclamation, 2-25-02

LITTLE COLORADO RIVER, WINSLOW, AZ
FEASIBILITY STUDY

LITTLE COLORADO RIVER

ATTACHMENT 2

GRADATION DATA

U.S. ARMY CORPS OF ENGINEERS
LOS ANGELES DISTRICT




U.S. ARMY CORPS OF ENGINEERS LOS ANGELES DISTRICT

Sieve Sample # Sample 10 Sample 12
No. size (mm) | Wt. Ret. % ret % finer % in size class Wt. Ret. % ret % finer % in size class

8 2.38 0 0 100 0.0 0 0 100 0.0
10 2 0 0 100 0.0 0 0 100 0.0
16 1.19 0.1 0.016 | 99.984 0.0 0 0 100 0.0
30 0.59 7.9 1.273 | 98.727 1.3 0.2 0.122 99.878 0.1
40 0.42 78.8 13.811 | 86.189 12.5 0.6 0.486 99.514 0.4
50 0.297 210.5 47.303 | 52.697 33.5 1 1.094 98.906 0.6
100 0.149 279.7 91.806 | 8.194 44.5 37.3 23.755 76.245 22.7
200 0.074 50 99.761 | 0.239 8.0 119.3 96.233 3.767 725
Pan 1.5 100 0 0.2 6.2 100 0 3.8
628.5 100 164.6 100

d16 d50 ds4 d16 d50 ds4

0.296 0.285 0.396 0.083 0.116 0.189

NOTE: Soil samples in the Winslow area received from Tom Hieb, Bureau of Reclamation, 2-25-02

LITTLE COLORADO RIVER, WINSLOW, AZ ATTACHMENT 2 U.S. ARMY CORPS OF ENGINEERS
FEASIBILITY STUDY ' LITTLE COLORADO RIVER ~ LOS ANGELES DISTRICT
GRADATION DATA




U.S. ARMY CORPS OF ENGINEERS LOS ANGELES DISTRICT

Sample #18 Sample #19
size %
sieve no. (mm) Wt. Ret. (gm) % ret | % finer % in size class Wt. Ret. (gm) % ret finer % in size class
1/2 13 0 0 100 0.0 0 0 100 0.0
3/8 9.53 0 0 100 0.0 0 0 100 0.0
1/4 6.4 0 0 100 0.0 0 0 100 0.0
8 24 1 0.234 | 99.766 0.2 0 0 100 0.0
10 2 0 0.234 | 99.766 0.0 0 0 100 0.0
16 1.2 0 0.234 | 99.766 0.0 0 0 100 0.0
99.31
30 0.6 0 0.234 | 99.766 0.0 3 0.683 7 0.7
95.90
40 0.4 0 0.234 | 99.766 0.0 15 4.100 0 34
22.09 | 77.90
50 0.3 11 2.810 | 97.190 2.6 79 6 4 18.0
89.29 | 10.70
100 0.149 362 87.588 | 12.412 84.8 295 4 6 67.2
200 0.07 53 100 0 12.4 47 100 0 10.7
427 100 439 100
d16 d50 ds4 dg di6 ds0 dg4 dg
0.087 0.190 0.261 1.736 0.126 0.213 | 0.325 1.604
Sample #21 Sample #25
size %
sieve no. (mm) Wt. Ret. (gm) % ret | % finer % in size class Wt. Ret. (gm) % ret finer % in size class
1/2 13 0 0 100 0.0 0 0 100 0.0
3/8 9.53 0 0 100 0.0 0 0 100 0.0
1/4 6.4 0 0 100 0.0 0 0 100 0.0
8 24 0 0 100 0.0 0 0 100 0.0
10 2 0 0 100 0.0 0 0 100 0.0
16 1.2 0 0 100 0.0 0 0 100 0.0
99.74
30 0.6 1 0.321 | 99.679 0.3 1 0.260 0 0.3
94.54
40 0.4 14 4.808 | 95.192 4.5 20 5.455 5 5.2
32.46 | 67.53
50 0.3 110 40.064 | 59.936 35.3 104 8 2 27.0
85.97 | 14.02
100 0.149 176 96.474 | 3.526 56.4 206 4 6 53.5
200 0.07 11 100 0 35 54 100 0 14.0
312 100 385 100
d16 d50 ds4 dg di6 ds0 ds4 dg
0.170 0.260 0.375 1.485 0.138 0.231 | 0.364 1.623

NOTE: Data from Bureau of Reclamation Sediment Study, May 2003

ATTACHMENT 2
LITTLE COLORADO RIVER, WINSLOW, AZ LITTLE COLORADO RIVER U.S. ARMY CORPS OF ENGINEERS

FEASIBILITY STUDY LOS ANGELES DISTRICT
GRADATION DATA




(This page intentionally left blank)



o (E0RT)
Note:
Sediment Sample #18 is not shown BOR{AI
on this map. It is located upstream (J
from Winslow at River Mile 92.8 SOREB
/ J
BOR&W O
Y EORET
soRive, BORED
f O
IS
@]
Q2
il:
o
(J
T \
#2
(J
#19
@
LITTLE COLORADO RIVER
Legend AT WINSLOW
o Sedment Winslow Levee FEASIBILITY STUDY WINSLOW, AZ
Sample Location (Existing)
Little Colorado RWDL (Existing) N
River :
—+— BNSF Railroad SEDIMENT SAMPLE
LOCATION MAP
\ 10 2,500 5,000 10,000 U.S. ARMY CORPS OF ENGINEERS
™ I N oot LOS ANGELES DISTRICT
1in = 5,000 feet
ENCLOSURE 2-1




(This page intentionally left blank)



ATTACHMENT 3
CHANNEL GEOMORPHOLOGY

LITTLE COLORADO RIVER AT WINSLOW
HYDRAULIC AND SEDIMENTATION APPENDIX
APRIL 2016



(This page intentionally left blank)



CESPL-ED-HH 3 September 2013
MEMORANDUM FOR RECORD
SUBJECT: Little Colorado River at Winslow —River Geomorphology

1. References:

e U.S. Bureau of Reclamation, Analysis of Little Colorado River Stability between
Holbrook and Winslow, Arizona, Report of Findings, Little Colorado River Sediment
Study, May 2003.

Purpose

2. The purpose of this memorandum is to document the geomorphic analysis that was
conducted along the Little Colorado River between Holbrook and Winslow. A major benefit of
conducting a geomorphic analysis is to provide a broad perspective on the long—term behavior of
the Little Colorado River between Holbrook and Winslow, particularly in regards to the extent of
aggradation and/or degradation in this reach.

Geomorphology Overview

3. The United States Bureau of Reclamation (USBR) conducted a sediment study for the LCR
in the Winslow area and presented a report in 2003 entitled, “Analysis of Little Colorado River
Stability between Holbrook and Winslow, Arizona, Report of Findings, Little Colorado River
Sediment Study, May 23, 2003".

4. The alluvial units mapped along the Little Colorado River are primarily delineated on the
basis of their geomorphic characteristics. These characteristics include the elevation and relative
position of each unit to the active channel (Qac) and adjacent map units, surface morphology,
and the dominant type and relative coverage of vegetation on the surface. These types of
indicators are widely used.

e Unit Qac — active channel — primarily silty sand alluvium with clay-rich alluvium in
meander bends and backwater channels.

e Unit Qal, Qala, Qalb — Desert Broom terrace — sandy alluvium that forms low point
bars and floodplains immediately adjacent to the active channel with either no
vegetation or sparse young Tamarisk and Desert Broom.

e Unit Qa2, Qa2a, Qa2b — Tamarisk terrace — silty sand alluvium covered by thick
vegetation, primarily Tamarisk.

e Unit Qa4 — Moenkopi terrace — dark red clay and silt-rich alluvium that forms the
highest terrace associated with the Little Colorado River.
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e Unit Qe — Dunes — fine to medium—grained eolian sand.
e Unit Qpc — undifferentiated paleochannels — numerous meander scars and recently
abandoned channels.

Geomorphology Mapping

5.

10.

11.

The geomorphology of the Little Colorado River in the Winslow area differs significantly
compared to the Holbrook reach. Enclosure 3-1 shows the Winslow Geomorphic Map. In
the Winslow reach, the width of the floodplain increases dramatically. It appears that this
change in the floodplain width is related to the increase in basin area, and hence, a related
increase in stream flow immediately downstream of the confluences of Chevelon Canyon,
Clear Canyon, Cottonwood Creek, and Jacks Canyon with the Little Colorado River.
Although the floodplain near Winslow is much wider than upstream reaches on the Little
Colorado River, the Winslow Levee cuts off the majority of additional flood plain.

Geomorphic mapping for this study was limited to the river and terraces within the levee.
The Little Colorado River near the Homolovi | Pueblo is bounded on the right bank by
bedrock and on the left bank by the Winslow Levee. The Moenkopi terrace (Qa4) is present
along the right bank adjacent to bedrock, but not along the left bank within the levee.
Terraces within the levee are limited to primarily the Tamarisk and Desert Broom alluvium.
The Cottonwood terrace is outside the levee.

Dunes (Qe) in the area are quite extensive and exist on both the east and west sides of the
river. Mature Tamarisk or Cottonwood trees (50-100 years old) stabilize many of the dunes.
Smaller dunes are also present on the younger Desert Broom and Tamarisk terraces.

Near the Homolovi | Pueblo, channel dredging and channelization between 1984 and 1993
shifted the channel to the east from a position against the levee, indicated by the Qala
channel.

The previous channel, unit Qala, is now only accessed during larger flows. Much of the
active channel through this reach has formed meanders following dredging, and has migrated
to its easternmost extent near the Homolovi | Pueblo where it flows against bedrock. Large
dune complexes prevalent along the east side of the river are sparsely vegetated, modified by
high flows (unit Qa2b) on the Little Colorado River.

Dunes on the west side of the river are more heavily vegetated with Tamarisk and
Cottonwood. Further north along the Winslow Levee, a broad Tamarisk terrace (Qa2) is
present adjacent to the river. Channel splays on the right bank apparently associated with the
flooding in 1993 appear to be more significant in this area than on other Qa2 surfaces.

The north bank of the river, in the west verging meander cut into the older Tamarisk
alluvium (unit Qaz2b), is also significantly higher than bank cuts in many other Qa2 surfaces
in the Holbrook—Winslow reach. This high bank and densely vegetated surface on the Qa2b
terrace appear to be factors in maintaining the accentuated meander at this location. The
Q